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PREFACE 

The purpose of this book is to answer in simple terms the 
questions which the ordinary man and woman ask about living 
creatures, the world and the mechanical devices daily encountered 
by all. 

The book is neither a text-book of the Sciences nor a history 
of scientific thought and progress. The precision of language 
required for the former would be useless and irritating to the 
reader: the latter could not be adequately treated without 
increasing the book to twice its present size. 

I have pleasure in thanking, on pages 1059-1063, a great many 
persons and corporate bodies for their help, without which this 
book could not have been written. 


T I , Grays Im Square, 
l^ndon, W,C. 
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INDEX NOTATION AND DECIMAL NUMBERS. 

INDIX NOTATION 

Very large and very sniall nvimbers ate written on the index system 
which is sr^ciently explained by the examples given below: 


10®® = 10,000,000,000 

10-10 ^ 

1 

=0.000,000, 



10,000,000,000 

lO* 211000,000,000 

1 0-0 = 

1 

=0.000,001 



1000,000 


10* =100 

lO** = 

1 

=0.01 



100 


10® s=IO 

lO-l = 

I 

=0.1 



10 


3 X lo® = 

3 X 1000,000 

= 3000,000 


2.2X10® S2.2X 100,000 = 220,000 

0.5 X io~’=o.3 X ^ = 0.000,000,03 

10,000,000 


DECIMAL MEASURES OF LENGTH. 


I Angstrom Unit (A.U.) 
I millimu (xv/x) 

I mu. (fii) 

I millimetre (mm.) 

1 centimetre (| inch) 

X metre 
I kilometre 


= io~® centimetres (cm.) 

= 10“’^ centimetres 
<s= io“® cendnietres 
= centimetre (^^ Inch) 

== 100 centimetres (i yard) 
= 100,000 centimetics (g mile) 


DECIMAL MEASURES OF CAFACTIY. 

I cubic millimetre (cu. mm.) cubic centimetre 

I cubic centimette (cc.) (about ij drops) 

I litre siooo cc. (about a quart) 

T cubicmetre =i 000,000 cc. (about i| cubic ^rds.) 


DECIMAL MEASURES OP WEIGHT 

I milligram (mg.) «xtjoo g«un 
i gram (g.) (about oz. or ij grains) 
f kilogram (kg.) =1000 grams (2| lbs.) 

I metric ton «» 1000,000 grams (roughly i English ton) 
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THE STATES OF MATTER 

CHAPTER I 
Introduction 

SCIENCE AND SCIENTISTS 

T he man in the street has a very fair idea of the meaning of 
the word Science. It includes, he feels, such pursuits as 
Astronomy, Chemistry, Biology. He is not so sure whether 
engineering or medicine is Science and is quite* certain that 
Politics, History, Art, Religion and the like are not. 

The Scientist is more interested in doing scientific research 
than in defining it. He sometimes says that a piece of work or a 
book is ‘^unscientific” and he usually means by the phrase that 
it is inexact; that it is badly arranged; that it jumps to conclusions 
without sufficient evidence or ffiat the author has allowed his 
personal prejudices to influence his report. By scientific work, 
then, we mean that which is as exact as is possible, orderly in 
arrangement and based on sound and sufficient evidence. More- 
over it must have no object except to find out the truth. 

Perhaps Science is most clearly defined by saying that it is 
firstly a vast collection of facts expressed in exact and imambiguous 
language in such a manner that anyone who cares to lake the 
trouble can test their truth; and secondly a collection of rules or 
laws which express the connection between these facts. This does 
not sound very interesting, but it is extremely important. As 
long as men hxmted for knowledge in a random sort of way and 
believed each other’s assertions without testing them, knowledge 
made negligible progress. Once they began to make sure that 
their facts were right by doing experiments for themselves. 
Science began to grow. 
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The Wor/d of Scieme 

An example of modem scientific work is not easy to give 
because it all depends on enormous masses of work which has 
gone before, and of which the reader may know nothing. Let us 
imagine, then, that Mr. Smith has noticed for the first time that a 
rod of iron gets very shghtly longer when it is heated. This is a 
random observation such as anyone might have made since iron 



was first known. Smith is not content to notice the fact: he is 
going to investigate it according to the methods of Saence. 
The first thing required is an exact knowledge of the expansion 
of iron when heated. Our investigator therefore sets to work to 
make an instrument to measure the very small increase of length. 

The instrument he devises^ is shown in Figure i. 

An iron rod A B of measured length, say i metre, lies in a trough 
of water, the temperature of which is measured by a ther- 

^ Actually thc^paiatus described xm evolved and perfected over a period of 
100 years or so. Ine need to measure the expansion of iron exactly arose from the 
alteration noticed in the length of survevmg rods in the eighteenth century. The 
apparatus shown is not the most moaem, which depends on Newton's rmgs 
(Cnapter xv). 
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mometet. The tempetatuce of the watet is (if a sufficient time 
has elapsed) the same as that of the iron. One end of the iron rod 
touches a feed rod F. This end will, therefore, not move if the 
iron expands. The iron rod is supported on two glass rods so 
that it slides easily over them. Its right-hand end B touches a 
lever which has on it a small mirror M. 

If the rod expands the lever will be turned on its pivot anti- 
clockwise, and the mirror will turn with it. Now a telescope is 
focused on the mirror so that a scale is seen by the observer, 
reflected in the mirror. The telescope has two crossed wires in its 
eyepiece so that the observer can note what part of the scale 
comes exactly opposite the cross wires. Now suppose that Smith 
packs the trough with ice and water: the iron rod will be at o*’C, 
and when he looks through the telescope he sees the 10.5 cm. 
mark of the scale opposite the crosswires. Next he fills the 
trough with water, kept, say, at 50® C. precisely.' 

The rod expands, the mirror is turned, and a different part of 
the scale, say the az.y cm. mark, now appears opposite the 
crosswires. There is a rule which tells him the direction in which 
rays of light are reflected from mirrors (p, 455) and it is easy to 
see that a little geometry will enable him to calculate the angle 
through which the mirror M (and therefore also the lever) has 
moved. From this he can calculate the distance the end of 
the rod has moved when being heated from o® C. to 50® C. 

Let us suppose that Smith finds by these measurements that his 
bar of iron has a length of 


I .0000 

metre 

at 

0® 

c. 

I. 0001 I 


at 

10® 

c. 

1.00055 


at 

0 

0 

c. 

I. 001 I 

*> 

at 

100® 

c 


It does not take much examination of these results to see that for 
each degree of temperature it has been heated, it has expanded 
0.00001 1 metres. The next thing to see is whether other bars of 

^ The idea of “tcmpetatuiie*’ and “degrees” is not at all simple. We can feel 
“hotness and coldness.^’ The way we measure it is taken up ag^ on page 104. 
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iron behave in the same way. A bat of iron 2 metres long at 
o** C. is next taken and the figures for its length are 


2.0000 

metres 

at 

0“ c. 

2.00033 

yy 

at 

15“ c. 

2.00165 

>9 

at 

75“ C. 

2.0022 


at 

100° c. 


It expands 0.000022 metres for every degree through which it has 
been heated. Several more experiments with iron bars of different 
length are dien tried, and our imaginary Smith deduces from 
these some statement or rule that is true for all of them. It is quite 
easy to find one. “When a piece of iron is heated, it expands by 
eleven millionths of its length for each degree centigrade through 
which it is heated.” 

Smith’s knowledge is now much more wide and exact, but is 
still rather narrow, for his deductions refer only to the metal iron. 
The next experiment that he does is to repeat the work he has 
done for iron with other materials, such as copper, glass, etc. 
He finds that the same sort of rule applies in these cases. Thus, 
“a piece of copper expands by seventeen millionths for each 
degree centigrade through which it is heated.” “A piece of glass 
expands by nine millionths of its length for each degree (C.) 
through which it is heated.” Smith tries all the substances that 
he can get hold of in large enough pieces, and finally gets at this 
General Law: 

“Every solid when heated through one degree centigrade 
increases in length by a fraction of its length which is always the 
same for a given solid, but which is different for different solids.” 
He calls this fraction (which is 0.00001 1 for iron, 0.000017 (ot 
copper, 0.000009 for glass, &c.) the coefficient of expansion. His 
next step is to put his law mathematically, because mathematics 
(to those who understand them) afford the simplest and least 
ambiguous way of expressing a truth. Accordingly, he says, 
“If 4 is the length of a solid at a temperature and /i its length 
at temperature /j, then 

4 “ [* + a (/j - /o)] 
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J 

where « is a constant for the given solid.” Those of my readers 
who solve simple equations may work out the length which a 
railway line 30 metres long at 10® C. (a cool day), reaches when 
heated to 30® C. (a hot day). The coefficient of expansion a is 
.000011. 

The procedure for scientific work is first to make accurate 
observations; then to try to deduce a law or explanation which 
includes them all; and ^ally to publish full details and let the 
world criticize. This last is the surest test of truth. An author 
may give a too fatherly eye to his discovery: the world assuredly 
will not. The universally accepted parts of Science have all been 
tested in this way and though some errors escape notice, they are 
inconsiderable beside the mass of good work. 

The feature then that distinguishes the statements accepted by 
Science from most others is that they e<m be relied om they are true 
according to the only sound criterion of truth, which is, that they 
have been tested by qualified people and can be, at any time, 
tested by anyone who doubts them. The facts of Science are 
tested by the repeating of the experiments which lead to them. 
Scientific Laws arc continually subjected to an even more severe 
test: they are used to predict wlat will happen under certain 
circumstances. If the law is sound, the prediction will come 
true; if the prediction does not come true, the law must be 
altered. 

Newton’s law of gravitation which states that “two masses 
attract each other with a force which varies inversely as the 
square of the distance between them” enabled us to predict quite 
exactly (as it seemed at first), where any planet would appear at 
any date. Then, as measurements became more accurate, it was 
noted that the planet Mercury was a little off the astronomer’s 
timetable. The law fitted so well with the other planets that 
no one wanted to reject it, and it was believed that in the measure- 
ments of the orbit there was some undiscovered error that 
would later be found out. Then Einstein brought forward his 
theory of relativity which indicated that, in Newton’s Law, the 
word “distance” in the sense of “the length of the straight line 
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connecting the masses” cantiot be given an exact meaning, unless 
their relative motions are taken into account. He showed that a 
body moved in space, so that its course in “space-time” was a 
line of the shortest possible “length.” Gilculations showed that 
near large masses, “space-time” was appreciably curved, and the 
attractions and courses of the planets, based on Einstein’s theory, 
gave a slightly different result from those based on the Newtonian 
theory: the test of experiment then showed that within our 
experimental error, the motions of all the planets agreed with 
Einstein’s prediction. So, Newton’s Law was modified: 
astronomers recognised that it was so nearly true where great 
masses or intense forces were not concerned that it might be 
used for all ordinary purposes; but that where enormous masses 
or great intensities of energy have to be reckoned with, they 
would have to make allowance for Einstein’s correction. 

The readiness of scientific men to change their beliefs and 
fit them to the facts is in marked contrast to the unwillingness of 
the politicians to do so. The politician who changes his ideas is 
called a turncoat or a renegade. To be unconvinced by argument 
is supposed to be a merit in politics and religion. If Einstein’s 
discovery had been a political matter, there would have been a 
pro-Einstein and anti-Einstein party, calling each other names and 
scofiing at each other’s arguments. The Scientists waited to see the 
result of the deciding experiments, then quietly changed their ideas. 

It is small wonder that politicians are arguing the same pro- 
blems as were argued in Greece two thousand years ago, while 
Science has grown out of all recognition. 


THE BEGINNINGS OF SCIENCE 

It is interesting to glance back over the centuries and see how 
Science came into being. The first germ of Science was the wish 
of man to gain some knowledge of the working of the world 
about him. We know almost nothing of the thoughts of pre- 
historic men who for many centuries of centuries inhabited the 
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world before dvilisatioa began, only some five or six thousand 
years ago. Their graves and their drawings on the rocks suggest 
to us that they had some simple religion. Probably they believed 
the stars, the earth, the sky and sea were in some sense alive or 
animated by gods or spirits. The earliest civilisations we know 
of were those of Eridu (later Babylon) and of Egypt. These 
ancient peoples believed in Gods and seem to have thought that 
the workings of nature were controlled by them. 

The Babylonians believed that the stars and planets had a 
controlling effect on human affairs — an unproved and most 
improbable belief which has survived till to-day as astrology. 
Be this as it may, the consequence was that the Babylonians 
observed the positions of the moon, sun and planets with very 
great care: they mapped the constellations and recorded the time 
of eclipses. Their greatest discovery was the Saros', a period of 
223 lunar months (18 years, ii days) after which the sun, moon 
and earth have almost the same relative positions as diey had 
before it. As an eclipse Occurs in certain definite positions of the 
sun, moon and earth (p. 431), any observed eclipse will recur 
after the lapse of one Saros. They later found out other similar 
periods for each of the planets, and thus could predict the state 
of the sky at any future date. Naturally, the prediction of so 
alarming an event as an eclipse gained for the Babylonian priests 
the highest respea and reputation. The Egyptians, whose 
civilisation began at least as early as 4000 B.c.,were by no means 
such good astronomers as the Babylonians. They excelled in 
practical arts. They invented simple arithmetic and geometry, 
and must have had considerable skill m engineering. The 
pyramids are typical of the spirit of Egypt. They are stern and 
geometrical in figure; erected by a vast expenditure of slave 
labour, and directed to a religious object — for they are tombs of 
kings. The Egyptians had some knowledge of medicine, and in 
their embalming evidently gained a fair notion of anatomy. 

Both Egyptians and Babylonians were applied scientists. They 
wanted knowledge for its usefulness, not for itself. They needed 
astronomy (as they thought) to foretell the future, arithmetic for 
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buying and selling, geometry to measure land and build temples, 
medicine to heal the sick. 

The Greeks were the first people who sought knowledge for 
its own sake. They came into prominence from about 600 b.c. 
Their knowledge certainly came in part from Egypt and Babylon, 
but their reasoning powers reached far higher levels than those of 
any people before Aem. In art and literature, the Greeks have 
never been surpassed. In Philosophy, their work is a living 
foundation of all that has come after, but in Science they were 
hindered by their unpractical nature. They must be honoured 
as the first people who were interested in pure Science, but 
although they were very ready to argue about the origins of 
things, they could not be bothered to experiment in order to find 
out if their conclusions were true. 



Accordingly they made enormous progress in philosophy 
and geometry, for which nothing but intellect is required: but 
comparatively small advances in Science which must be based on 
observation of the behaviour of material things. The name 
wliich stands out as the first great man of Science, is that of 
Aristotle (384-522 b.c.) who practically founded the study of 
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biology, who first tried to classify living creatures and to under- 
stand how their bodies worked. For i,joo years after him, his 
works remained the greatest textbook of Science. • 

In somewhat later times, Archimedes (287-212 b.c.) discovered 
many of the simple principles of physics and Ptolemy {c, a.d. 140) 
and others made some advances in astronomy. Then, after the 
civilisation of Greece had been absorbed by that of Rome, pro- 
gress slowed down. A few centuries later barbarians over- 
whelmed the civilisation of Rome and for a thousand years 
Science was ahnost dead. From a.d. 300-1 100 Europe was under 
the shadow of the Dark Ages: only in Byzantium did the Greeks 
keep knowledge alive. Even there, progress had stopped, 
though the lamp of learning still burned. The Arabs, too, who 
rose to prominence from about a.d, 700, kept alive .the learning 
they had gained from the Greeks and inhabitants of Syria. They 
had a certain genius for mathematics and, indeed, science in 
general; and when, in the thirteenth century, translations of 
Arabic works were made in Spain and passed on to Europe, 
learning began to increase. After the sack of Byzantium by the 
Turks in 1453, manuscripts of Greek authors and a knowledge of 
Greek found their way into Europe. The effect was remarkable. 
Learning ceased to be a monopoly of the priesthood; it became the 
equipment of gentlemen and even of princes. 

The science of Aristotle was eagerly studied, was questioned 
and was superseded. In 1620, Francis Bacon laid the foundation 
stone of modem science by his book, the Novum Organum, which 
dealt with the scientific method. 

From that date modern science begins. To recount its progress 
nrom 1600 to 1936 would be to tell much of what follows in this 
book. Suffice it to say, that the need for testing knowledge by 
experiment was only slowly learned; but as men grew ever more 
scientific in spirit, so discoveries became more rapid, till the 
nineteenth century was one great triumphal progress of Science. 
Between 1800 and 1900, the world was altered out of all re- 
cognition. The population of the world almost doubled itself 
be^een 184; and 1913. The average life of man is now more 
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than twice as long as it was in lyjo. The ends of the earth were 
brought from six months* distance to six weeks’: the period 
1900-1936 has reduced this to three days. Beliefs xmquestioned 
for centuries have vanished like smoke. Man, to-day, has fer 
more knowledge, power, health and wealth than he had in 1800, 
but he has no more brains and very little mote wisdom. The war of 
1914-1918 showed us what the power of Sdenceinthehands of folly 
and ambition could do. Science can never recede; if its weapons 
are not to destroy us we must make ourselves fit to handle them. 

SCIENCE AND THE MODERN WORLD 

To show ourselves what Science has done, it is only necessary 
to sit in a modem room and look round. There is nothing to be 
seen which the hand of Science has left imtouched. 

The carpet and curtains are dyed in a shade which no plant 
could have given: the chemists have coaxed out of black and 
sticky coal tar the queer network of atoms which gives that soft 
jade green. From the same coal tar comes my bakelite fountain- 
pen and the ink in it. The artificial silk fabric of the chair-covers 
was nude from wood pulp by a process not thirty years old. 
The paint on the walls is made from titanium-white, unheard of 
zo years ago. The chromium-plated door fittings, the gas that 
bums in the fire, the electric light bulb, the artificial graphite in 
my pencil, are all novel. And even the things apparently made by 
older crafts have been shaped by elaborate machinery. The wood 
of the table was cut, planed and polished by machines representing 
the latest discoveries of engineering, driven probably by electricity 
generated in vast stations which are triumphs of applied science. 

We may perhaps regret the passing of the slow and beautiful 
old ways of craftsmanship, but the fact remains that the world 
of to-day is created and maintained by Science. Yotir own 
existence you probably owe to Science. In 1750 there were six 
and a half million people in England; to-day, ^ere are forty-five 
milUon. This increase was only possible in consequence of 
scientific discoveries. One English baby in eighteen now dies 
before it is a year old; in i860, one baby in six died and in earlier 
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times, for whidi no figutes ate available, matters were &t wotse. 
Not only does Science allow mote babies to grow up, but the 
vast population can only be fed because engineering ^s made 
possible the transport of food from distant lands. 

Thus thirty-nine million people in England alone owe their 
existence to Science. 

Impersonally and quietly. Science will go on growing. It will 
cure more diseases; it will bring about quicker transport; it will 
perfect our means of pleasure; it will make our way of living 
still less natural; it will put terrible weapons of death in our 
hands. Only an utter breakdown of all civilisation is likely to 
stop it. 

Science, then, is by far the most important factor influencing 
our material lives — and also, perhaps, our spiritual lives. We 
no longer expect to die in the twenties and thirties — a life of 
seventy years is looked on almost as a right. In the middle ages, 
death was always at hand; the thought of death dominated re- 
ligion. To-day, we all look forward to a long life; early death is 
an exception and we do not think about it. Our notions of 
Truth also have been changed by Science. We can no longer 
passionately argue whether God the Son was created by the Father 
or is of one substance with the Father. Controversy on this point 
shook the world for forty years in the days of the Arian heresy 
(a.d. 525-364). Such things we are now content to regard as 
unknowable. Less and less do we concern ourselves with points 
which can be argued but cannot be proved; and more and more 
readily do we confess the impossibility of deciding on matters of 
pure opinion. 

The whole of Science is of course infinitely beyond the know- 
ledge of any man. No one tries to know even the whole of his 
own department of Science. Let us take as an example a fairly 
well-known physicist — the type of man who might be a Lecturer 
in Physics at a University, Wliat does he know? First of aU, he 
will almost certainly specialise in a certain department of physics; 
let us suppose tliis is ^tics — the behaviour of light. He will be 
doing origmal work on some smaller portion of this portion of 
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physics, and about this part of Optics he will know all that thete 
is to know. He will know enough about the test of Optics to 
lead and at once understand any one else’s work, but he will not 
try and remember this. Of the rest of Physics he will have a 
lesser knowledge, but a few weeks* work will enable him to read 
up and understand any part of it. 

Of the rest of Science he will know much less. He will under- 
stand Giemistty much better than the man in the street, though 
he probably will not be able to write the formulae for more than a 
couple of dozen chemical compounds. He will probably know a 
fair amount about Astronomy, for this science is a good deal 
concerned with Optics. Finally, he will probably know no more 
about Geology and Biology than does any or^ary intelligent 
man. 


THE DEPARTMENTS OF SCIENCE 

Science is really a single unity, but for convenience is divided 
into departments. The five chief sciences are: 

which deals with the behaviour which is common to all 
or most kinds of matter. Any kind of substance foils if dropped^ 
or expands when heated. The study of such a falling or expansion 
is, therefore. Physics, 

Chemistry deals with the kind of material of which things are 
made, and the way in which different materials are transformed 
into each other. The burning of a candle or the making of 
petrol from coal is a matter for chemistry. 

Astronorry consists of the whole of our knowledge about 
the “heave^y bodies” and the earth considered as one of them. 

Geology deals with the structure of the earth and the different 
kinds of rocks. 

"^ologi is the science of life. 

No one can hope to study the whole of any one of these in a 
lifetime, so minor divisions are made. Below is a list of the most 
important of these. 

It la a TKUun. 
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Thk Divisions of Pure Science 


Main divisions. 


PHYSICS 


CIILMISTRY 


ASIRONOMY 


SCIRHCE 


GEOLOGY 


BIOLOGY 


Stdfdivishns, 


Wbat the subdivisions dtat mtb. 


Propetties of matter 

Acoustics 

Optics 

The study of heat 
Magnetism 
Electricity 
Atomics 

‘ Crystallography 
’ Physical chemistry 

Inorganic chemistry 

Organic chemistry 
Geochemistry 
Biochemistry 
r Astrophysics 
\ Astrometry 
Cosmogony 
Geography 
Physical geology 

Petrology 

Palaeontology 

Stratigraphical geolog>' 


Morphology 


Botany 

Zoology 


Taxonomy 

Physiology 

Ecology 

Embryology 


Aetiology 

Psychology 


Behaviour which all matter 
has in common. 

Sounds. 

Light and other radiations. 


The behaviour and structure 
of atoms. 

The study of crystals. 

The borderland of physics and 
chemistr^. 

The chemistry of elements 
other than carbon. 

The chemistry of carbon. 

The chemistry of the earth. 

The chemistry of living things. 

What the stars are. 

The mapping of the sky. 

The origin of the universe. 

The study of the earth. 

The study of the shape of 
rocks» mountains, seas, etc. 

What rocks are made of. 

The study of fossils of extinct 
animals and plants. 

Deducing the history of the 
earth from its rocks. 

The forms of animals and 
plants. 

Their classification. 

How living creatures work. 

How living creatures are 
affected by surroundings. 

How animals reproduce their 
kind and develop. 

The evolution of the race and 
individual. 

The study of mind. 


The departments of Science set out in the above list are all pun 
sciences: that is to say they are concerned only with knowing, ^ 
not with use. The pure Scientist simply finds out how things 
behave. Applied Science and its workers put the discoveries of 
the pure scientist to men’s use. The kinds of mind needed for pure 
and applied science are very different. The pure scientist spends 
his time saying, “Is this true?” “Why does this bdiave in this 
peculiar way?” “How does this work?” 
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The Applied Scientist has to bother about people. He is 
always as^g, “How can I make a thing to do this job?” “Can I 
make this thing at a price people will pay?” ‘Ts tWs process of 
practical value?” “Is this drug pleasanter in use than that?” 
“Is this operation likely to kill my patient?” 

The chief Applied Sciences ate: 

Applied Physics. . .. Engineering. 

Applied Chemistry . . Chemical Engineering, 

Pharmacy, etc. 

Applied Geology & . . Meteorology, Cartography, 

Astronomy Tide prediction, etc. 

Applied Biology . . Agricultural Science, Medi- 

cine, Hygiene. 

Pure Science must not be thought of as superior to Applied 
Science. Both are necessary: they require different types of 
mind. The pure Scientist provides the material which the 
Applied Scientist shapes to the use of mankind. For these tasks, 
very different minds are required, and it is rare to find anyone 
who has been prominent both in pure Science and Applied 
Science. The pe^ect example of an Applied Scientist is Edison, 
with an incredible list of more than a thousand patents for 
inventions, but almost no discoveries of scientific principles. 

The finest example of a pure Scientist is perhaps Clerk Maxwell, 
whose work in physics is the foundation of a great part of 
electrical and other engineering, to which he coiitributed nothing 
directly himself. Most remarkable, perhaps, is his prediction by 
reasoning, of the existence of the electromagnetic waves which 
40 years afterwards have made possible wireless telegraphy 
and broadcasting. 



CHAPTER II 


Matter and Energy 

MASS AND INERTIA 

I N our survey of Science, the first ideas to be understood are 
those of MATTER and ENERGY. These terms ate so wide, 
they include so much, that they are a httle difficult to grasp. 

By matter wc mean roughly what the man in the street means 
by the word “stuff,” as distingmshcd from “forces” or “ideas.” 
The scientific defim*' in of matter is “that which has mass and 
inertia.” Translating this into common speech, we may say that 
matter includes everytliing which, first of all, is attracted by the 



Pig. 3. — It takes force to statt matter moving and to stop it. 
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eazth ot othet heavenly body. Now it is the attiaction of the 
earth which gives a thing weight, so on this definition anything 
which has weight while it is near the earth’s surface is matter. 
Secondly, by saying a thing has “inertia”, we mean that it takes 
force to set it moving, or, if it is moving already it takes force to 
stop it. This is true of all “stuff” we come across. If we define 
matter as anything with mass or inertia, it is quite clear that all 
solids like iron, wood, glass, wax, etc., are matter, and so are 
all liquids like treacle, water, petrol, and all gases like air, 
hydrogen, etc. 

No one who has carried a sack of coals or a bucket of water 
needs to be convinced that solids and liquids have mass. No one 
who has shovelled sand, rowed a boat or blown a pair of bellows 
can doubt that solids, liquids and gases have inertia. 

Ah, but you say, what about 
the mass of gases? If hydrogen 
is attracted by the eartlx, why does a 
balloon foil of it rise? The answer, put 
rather crudely, is that the hydrogen is 
attracted by the earth but that foe air 
round and just above foe balloon is 
attracted still more and, by being pulled 
towards the earth, elbows foe balloon 
away from it. Just in foe same way a 
cork is attracted by the earth, but it rises 
in water because foe water is attracted 
still more. 

The explanation in Fig 4 is another 
way ofsaying the same thing. For reasons 
like these, we conclude that all foe 
“things” we meet with in foe world are 
brause its weight and the Matter. 

oKssure F ^ top of it arc \)fqiat else is there in foe world beside 

less than the pressurc G ,, ^ ^ r t, • i- 

on the bottom of it. Matter? The answer of Science to this 

question is — Energy./ 
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Matter and Energy 


ENERGY 

A battered rifle bullet lies on my table. It is obviously Matter. 
It has mass, for if I drop it it is attracted by the earth and fails 
ever more quickly to it. It has inertia, for, to set it moving, I have 
to give it a forable tap with my finger-nail. After this bullet was 
fired from a German rifle and before it buried itself in the sand of 
the parapet beside my head, it was in some way different. It 
could ktll a man, smash a hole in an iron plate. It had a tre- 



Energy of Motion 
(Kinetic). 



Kinetic Energy of Motion 
of Electrons (Electrical). 



Kinetic Energy of Motion 
of Atoms (Heat) 



Energy of Position 
(Potential). 
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Potential Energy of Position 
of Atoms (Chemical). 



Fig. 5. — Some forms of energy. 


Alternating Potential and 
Kinetic Energy (Radiation), 


meadous power of doing work, and tWs power we call Energy. The 
moving rifle bullet is different from the stationary one, because it 
has more energy. Energy of motion, such as the bullet possessed, 
we call kinetic energy. 

Has it any energy as it lies still on tlie edge of the table-' 
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Certainly. Knock it oS the edge and it drops on to my tea- 
cup which I left on the floor and smashes it. It has done more 
work. As it lies on the floor it cannot do that piece of work again, so 
it evidently had energy because of its distance from the earth which 
attracts it. This we call potential energy, by which we mean a 
capacity for doing work which a piece of matter possesses in 
virtue of its position. Water at the top of a waterfall has potential 
energy, so has a wound up clock weight, a coiled spring, etc. 

Many other kinds of energy exist. A hot coal has more energy 
than a cold one, for the heat can be made to drive an engine 
which will do work. We call this heat energy. A vulcanite pen 
which has been electrifled by rubbing it with doth has electrical 
energy; it can do work by Ufiing a piece of paper from the table. 
A ton of coal has more chemical energy than the ashes and smoke 
it turns into when it burns, for as it bums it gives out heat 
energy, which, as we have seen, can do work. In all these cases 
the energy is bound up with a piece of matter. You cannot have 
kinetic energy unless some tUng is moving nor heat energy unless 
some thing is hot. But there seems to be some cases where we can 
get energy withoiit matter. When rays of light come from the 
sun, we can find no matter attached to them. When they arrive, 
we can concentrate them by mirrors on to a small boiler. They 
will boil the water in the boiler and the steam will drive an 
engine. The rays have done work in driving the engine, so they 
must have energy. But they are not what we ordir^rily under- 
stand by matter, so we may think of light and other rays as being 
pure energy. It used to be thought that energy could not exist 
witbout matter, and accordingly the theory was propounded 
that a material ether filled all space, and light rays were supposed 
to be vibrations of this ether. All attempts to find out what the 
ether was like led to no resdt, or worse, to contradictions; and 
nowadays we see no reason why this etl^r should be invented 
simply Ixcause we feel there ought to be some stuff to be waggled 
by light vibrations; the modern physicist finds it possible to 
believe that light waves are energy without matter — radiant energy. 

Very accurate work has now shown that energy has some mass, 
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and in that sense may be thought of as a kind of matter. Its 
mass is so extremely small that we can only detect it if the energy 
is highly concentrated. A rifle bullet tiave^g 3,000 feet a second 
is a minute amoimt heavier than a bullet when it is still. An 
electron travelling at 18,000 miles a second — ^no other piece of 
matter goes so fast— weighs about one per cent, more than it 
would when stationary. The fastest moving things we know of 
are certain electrons shot out of exploding atoms. Some of 
these move at about 186,000 miles a second, 99.8 percent, of the 
velocity of light, and they then weigh nearly seventeen times as 
much as they would when at rest. In the same way, it has been 
shown that matter can be changed into energy. We have reason 
to believe that the matter in the hottest stars is being slowly 
changed into energy, and that the torrents of energy in the form 
of the light-rays and heat-rays which flow from them have been 
produced by changing the actual matter of these stars into energy. 

A rule, which was discovered by Einstein, tells us how much 
energy corresponds to how much matter. The rule is 

w=JS/f* 

where m is the mass of the matter in grams, E is the energy 
which corresponds to it in dynes^ and c is the veloaty of light, 
30,000,000,000 centimetres a second. 

English people do not think in grams and dynes, but in 
pounds and horse-power-hours. So, we may put the equation 
quite simply thus: 

“If a pound of matter could be turned into energy, it would 
give 15,230,000,000 h.p. for an hour.” The whole electric 
power of Great Britain is about 12,000,000,000 units a year, and iiis 
easy to work out that just over a pound of any kind of matter, if we 
could turn itinto energy, would supply die whole of Great Britain 
with energy enough to drive its electrical generators for a year. 

The world has got plenty of matter for its needs, but it is 
always crying out for energy, so that, if Science can find a way of 
turning matter into energy, infinite labour will be saved. We 

1 The energy needed to set a gram of matter going i on. a second faster than it 
y?as moving fcfote 
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shall not need to bother about coal, oil wind-power, water- 
power, etc., for any bit of dirt from the streets will heat out 
houses and drive our engines. But though the energy is there, we 
cannot get at it. Inside the stars, where matter is turning into 
energy, the temperature may be about 20,000,000® C. If we 
could make matter as hot as that, it might break up into energy. 
But at present the greatest temperature reached by man is about 
4,000° C., so that we have a long road to travel. But let us re- 
member the things that seemed impossible in 1800 are common- 
places in 1936, and then let us be very careful what we say about 
what the Scientists will not have done by the year 2100. There is 
nothing impossible about getting our energy by destroying 
matter. Science may find the trick next year, or may find it in 
five hundred years’ time. But if I could have half-a-day’s trip to 
the year a.d. 2500 I should be very surprised and disa{^ointed 
if I found the world still burning coal and oil and harnessing 
water, wind and tide to get its power. 

SCIENCE AND THOUGHT 

Matter and energy — ^is this all? The men of Science have 
found them enough to explain their world. But there ate a few 
things they have not been able to study by the scientific method, 
and the chief of these is Thought. 

Is thought matter? If I picture a rose, what is that picture 
in my mind? 1 call it a picture because it “looks” like one. 
When I think of a rose, 1 get something of the same sensation 
as 1 experience when 1 see one. But is a picture there at all? 
A man who has once been able to see but has had both his 
eyes removed can still picture a rose, so the picture cannot be in 
the eyes. As far as we know, sufficiently extensive damage to the 
brain stops all conscious thought ot imagination; accordingly 
we think that a thought is a happening in the brain. 

Possibly, when 1 think of a rose, 1 make the same thing happen 
to my brain as has happened before when I have seen roses — but as 
the brain is so little understood by anyone, this is only guess- 
work. The essential difficulty is tl^t we have only thought to 
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use when we tty to make out what thought is. Perhaps diought 
can no mote explain thought than I can pick myself up by the 
waist'belt and catty myself round the toom. 

At present no te^y scientific opinion is possible about ^bought. 
There arc four chief beliefs held by men about the question, and 
Science will not serve to decide between them. The religious 
view is that there is in man a Soul which is neither matter nor 
energy. This Soul uses the brain as an instrument by which it 
directs the body. A common philosophical view is that the brain 
is the instrument which perceives the outside world, knows, 
thinks, and directs the body, while a soul, spirit, consciousness or 
what you wiU, follows what the brain is doing and is the mind and 
consciousness of which we are aware in ourselves. The scientific 
opinions do not take much account of the Soul, which is not the 
sort of affidr Science can argue about with any prospect of 
success. The Vitalists believe that there is a principle of Life 
which cannot be explained by matter and energy alone, and that 
thought is a process in the brain which depends on and cannot 
take place without this principle of Life. Finally, the Mechanists 
believe that matter and energy are the only things in the world; 
that the body is an extremely complicated machine, and that 
thought is a sort of motion or change in the substance of the brain. 

Since these four theories are all widely held, there is evidently 
at present no deciding between them. Scientists have a rule, laid 
down as long ago as the fourteenth century, which tells them not 
to assume anything needlessly. This rule has been found to be a 
good one; accordingly, men of Science will push on with their 
work and continue to assume that matter and energy are enough 
to explain everything, until they come up against a set of facts 
which they eamot explain by the notions of matter and energy 
alone, and can explain by assuming a Life-force or Spirit to exist. 

It is a great mistake to think that, because scientific men in their 
work never use the ideas of God and the Soul, they deny their 
existence. Science concerns itself with things it can understand 
and test and experiment with. For the test it minds its own 
business and leaves everyone to decide on his own religious views. 



CHAPTER III 
The States of Matter 

SOLIDS^ LIQUIDS AND GASES 

W E have divided all the world which Science can study into 
Matter and Energy. The plan of Study adopted in 
Science is to classify things: that is to say, divide them up into 
sets, all the members of any one of which are more like each other 
in some respects than they are like the members of the other sets. 
The simplest classification of Matter is into its three States^ the 
soUd, liquid and gaseous. Almost everything falls into one of 
these classes. Everyone thinks he knows a solid, liquid or gas 
when he meets one, but as there are a few doubtful cases, it is a 
good thing to have a definite rule laid down by which we can 
place anything in its right class . 

A solid has a fixed volume and shape. A liquid has a fixed volume 
but no fixed shape. A gas has neither fixed volume nor fixed shape. 

These definitions are clear and, though they are not quite true, 
we ci mot make much mistake about them. As a typical solid, 
we may take a piece of gold, say, a coin. It has a fixed volume, 
say, 0.1056 cubic centimetres. If we leave it for a thousand 
years this volume will be the same. It will expand a little if 
heated, but will return to the same size on cooling. Even 
enormous pressure will only make it the tiniest bit smaller. 
Enormous pressures may make it flow like a liquid, but it will 
not flow under the influence of small forces. 

A liquid, say water, has a fixed volume. You can put a pint of 
water in a quart pot, but it will remain a pint. Even huge pressures 
will compress it very little; the greatest pressures man can apply 
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Will not squeeze a pint of water down to f of a pint. Its volume 
is fixed but its shape is not. The very smallest force is enough to 
alter its shape. You can pour your pint into a teapot or a dish and 
It will at once take the form of either; you can soak it into a 



A solid has a fixed shape and a fixed volume. 
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sponge — ^it will take any complicated shape, but it won’t take up 
mote than a pint of space. 

Lastly, a gas has no fixed volume or shape. Allow a cubic 
inch of chlorine to escape in a room and you will smell it in 
every corner. The cubic inch fills the whole room. Take a 
flask from which all the air has been pumped out and allow 
the smallest whiff of air to enter through a tap. The air expands 
and fills the whole flask evenly and takes its shape. A gas 
never has any surface except that of the vessel that contains it. 

nji Now what about the doubtful cases? 

A piece of pitch feels quite solid; you 
cannot dent it by pressing it with your 
thumb, but if you leave a lump of it in 
a box for a year, you will find it has 
flowed like a liquid and taken the shape 
of the box. 

Fig. 7 shows the result of putting a 
lump of pitch in a glass funnel. In the 
course of months it flows exactly like a 
liquid, though it feels perfectly hard and 
solid to the touch. On the other hand, 

butter is a solid. A lump of butter is 

Fio. 7.— Pitch, though appar- soft, but if left even for a year it will not 
endy solid, IS really a luraid flow of its OWn accord like pitch. 

tunnel Note the drop, What about mud, froth, smoke, and 
mute yet having the thmgs of that kind? Ate they solids, 
liqmds or gases, for m some ways they 
resemble two of these? The answer to this difficulty is that they are 
mixtures. A mixture of big bits of solid with liquid — ^like pebbles 
and water — ^is simple enough to understand, but when die bits of 
solid are very sm^ indeed, and very numerous indeed, we get 
curious materials called “colloidal solutions.” Let us see what we 
get if we make very close and fine mixtures of solids, liquids 
and gases. 

(i) Very fine particles of solid surrounded by liquids are 
MUDS or SUMES. 


t 
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(z) Very fine particles of solid floating in a gas ate a SMOKE. 

(3) Very fine particles of liquid floating in a gas are a FOG or 
MIST. 

(4) Very fine particles of a gas in a liquid are a FOAM. 

(5) Very fine particles of a gas in a solid are a SOLID FOAM. 
The rather odd behaviour of these mixtures cannot really be 

understood until we know a little about what solids, liquids 
and gases really ate. 


ATOMS AND MOLECULES 

The really fundamental thing about matter is that it is made 
up of tiny separate particles called atoms and molecules. The 
reasons for believing this are very good ones, but require some 
knowledge of Science for their comprehension: it is simplest, 
therefore, to give a picture of what Matter is bfelievcd to be 
made of without trying to give the evidence. As you read this 
book you will find a good deal of evidence throughout Parts I— 
IV. 

The simplest sort of matter is an “element,” which contains 
only one sort of matter. Silver is a good example. Suppose 
we take a little cube of silver the size of a lump of sugar and cut 
it in half. Cut both the halves in half, then cut the quarters into 
eighths and so go on cutting the silver into tinier and tinier 
bits. When the bits of silver arc about inch in diameter 
they will be too small to see, but let us imagine ourselves reduced 
to the size of microscopic dwarfs, still cutting and cutting 
Finally, when the bits of silver are only about one hundred- 
milHonth of an inch across, we find wc can cut no more. Each 
particle is now an atom of silver. It cannot be cut up or split 
apart by any reasonable force, and if it is split up into smaller bits, 
lo and behold they arc no longer bits of silver but of some other 
substance such as copper or carbon. Finally, if we were capable of 
splitting up the atom of silver into the tiniest fragments possible, 
we should probably get nothing from it but a little hydrogen and 
a great many electrons which are particles of electricity. These 
have never been split up. 
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Of course it is quite impossible to cut up solid silver in this 
way. No knif e could be small enough to cut such tiny particles, 
nor could they be seen when they were smaller th^ about a 
twenty-thousandth of an inch in diameter. But the description 
may perhaps give a picture of a lump of silver as a mass of extra- 
ordinarily tiny particles called atoms of silver. The atom of 
silver Is the smallest portion of silver that can be obtained. If the 
atom of silver is cut up or split or broken, it ceases to be silver 
and becomes something else. 

Suppose that instead of silver, which is made up of silver and 
nothing else, we had tried to cut up a drop of water, which is 
made of hydrogen and oxygen. We know this because the 
action of electricity will turn nine grams of water into one gram 
of the gas hydrogen and eight grams of the gas oxygen and 
nothing else. Every drop, droplet or speck of water is just the 
same as every other, so every bit, however small, must contain 
hydrogen and oxygen. If wc imagine ourselves dividing up a 
drop of water ? we divided the cube of silver, we should have 
to stop when we had obtained a piece about one fifty-millionth of 
a centimetre in diameter. This bit would be rhe »ma”est piece of 
■water possible. It would have tw atoms of hydrogf * and an 
atom of oxygen in it. If it were further split ’’p — ^not a difficult 
task — it would not be water but separ-'te atoms of oxygen and 
hydrogen. 

The smallest piece of a compound substance like water is called a 
molecule. A molecule is made up of several atoms, which 
are each the smallest possible pieces of some element. It is very 
necessary to understand what molecules and atoms are, for we 
cannot explain the world without continually referring to them 
So, if you have not a clear notion of them, read pages 25-26 again. 

Once it is understood that an atom or a molecule is the smallest 
bit of any particular kind of stuff which can possibly be obtained, 
we can ask a few questions about them. What do they look like? 
What size are they? What shape are they? Do they move? Are 
they arranged neatly or are they all higgledy-piggledy? Do they 
touch or have they spaces between them? 
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WHAT ATOMS ARE LIKE 

All these questions have been answered. 

What does an atom look like? The answer is quite definite 
though a little puzzling. It doesn’t look like anything at all I 
If a thing is to be seen, it must shape the rays of light which come 
from it so as to form a pattern of light which is received on the 
sensitive curtain at the back of the eye. But an atom is far smaller 
than a wave of light: a single atom will deflect the course of a 
light wave as little as a speck of dust will deflect a wave of 
the sea. The smallest thing the most perfect microscope could 
show as a speck is several thousands of times bigger than an 
atom. It is true that an atom when thrown into violent con- 
vulsions may send out light. In the glow of a neon sign, atoms 
of neon are altering their interior arrangements and sending out 
red light. This light, however, will not tell us what shape the 
atom is. A rifle bullet fired into water starts a ring of ripples, 
but no one could tell from the ripples what shape the bullet was. 
The atom, then, does not look like anything, because it is too 
small; but it is legitimate to ask what a model of it as big as a 
house would resemble. This is a more difficult question. Some- 
where in the centre there would be something very heavy and 
about as big as a dust speck. This tiny “nucleus” would have a 
big positive electrical charge. The rest of the “house” would 
contain from one to ninety-three minute light partides of negative 
electridty about as large as full stops radng about at enormous 
speed — ^probably revolving in orbits round the heavy positive 
nudeus. The atom is practically all empty spacel Even if our 
big model had its model nudeus and electrons made of something 
you could see, say, lead, you would not notice the modd if you 
stood a few yards away. 

The atom, then, is nearly all empty space, and it seems very 
peculiar that an atom with so little of anything in it should behave 
almost as if it was as solid and hard as a marble. For it certainly 
seems to be hard. Only the most violent treatment can break it 
up, and it is impossible to force one atom to enter another. At 
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first sight it would seem that two of these very empty atoms, 
made up of a few electrons moving about in a space a hundred 
thousand times bigger than themselves, could perfecdy well 
occupy the same space, just as two flights of birds could occupy 
a space ordinarily filled by one flight. But in actual fact if we 
try to compress, say, some iron, it will get a little smaller, but 
the most enormous pressures we can apply will not drive one of 
its atoms to occupy the territory contained in another such atom. 

Why is it, then, that an atom seems to be only a collection of 
a few scattered electrons and yet has an almost impenetrable 
boundary? I say almost impenetrable because if we shoot an 
electron, moving at the rate of thousands of miles a second, at a 
collection of atoms — say a bit of tin foil — it will usually go right 
through the atoms without disturbing them appreciably. Why, 
then, is the atom impenetrable by another atom, while a single 
electron goes through it easily? The matter is not so difficult 
to understand if we realise what the electrons in the atom arc 
and in what fashion they are moving. In the first place the 
electrons in the atom are moving at tremendous speeds not much 
less than that of light. Some of them have speeds up to about 
twenty thousand miles per second and their orbit is only about 
one thousand-millionth of an indi long.^ So they get roxmd their 
orbit about lo^* or 10,000,000,000,000,000,000 times every 
secondl Now think of an aeroplane propeller when stationary. 
You can easily poke your arm between the blades. Set it spiiming 
at the rate of, say, 1 5 turns a second and you will get your arm 
cut off if you try to push it through the propeller. Well, if an 
aeroplane propeller feels solid at fifteen turns a second, what 
hope has an3r^ng of getting inside an atom with, say, fifty 
electrons each rotating round the central nucleus as often as ten 
million, million, million times a second? The only thing that 

^ Our knowledge about the stnicture of the atom is by no means definite or 
fixed. The explanation 1 have given is a rather crude simplification of one theory: 
it is perhaps as near to the truth as is possible in a brief popular exposition. It is 
not really legitimate to treat electrons as if they were little bullets: they behave in 
many ways as waves, not particles; and they cannot be said , to have any txactiy 
definable position. 



The States of Matter 29 

can get through such a barrage is something very small that is 
going as £fist as the electrons themselves. Just as a machine-gun 
bullet may be fired through the circle of the rotating propeller 
without striking the blade, so, as we shall see later, it is possible 
to shoot high speed electrons or alpha-pardcles, which are much 
heavier, through the middle of the atom. 

There is another and even better reason why the atom behaves 
like a solid — why it will not let another atom go through it or 
even come near it. 

All atoms have a nucleus of posidve electricity in the middle 

and a set of “shells” of negative elec- 
trons outside. And so we can look 
on an atom as being like a cherry of 
which the stone is positive electricity 
and the flesh negative electricity. 
There is just as much positive elec- 
tricity as negative electricity, so tibe 
whole atom is neutral, neither positive 
nor negative. But, when two atoms 
approach each other closely, their 
outsides are much nearer than their 
insides. Electrical ejtperiments show 
us that, first, negative electricity repels 
Fig. 8.— When atoms arc neat negative electricity and positive elec- 

each othen when they are more tricity repels positive electriaty, but 
distant the positive end of one positive electricity attracts negative 

of another. electncity; and, secondly, that the 

nearer the electrical charges are, the 
greater is the attraction or repulsion. Accordingly, when two 
atoms approach each other very closely, the two negative outsides 
of the atoms repel each other and force the atoms apart again. 
For this reason, it is impossible to make two atoms actually enter 
each other — at least with the strongest forces that man can use. 

Atoms only repel each other when they are very near. When 
they are sevei^ times their diameter apart, riiey attract each other, 
though rather feebly. This is because the positive part of the 
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atom does not stay exactly central in the middle of the atom. 
Consequently, the atom, looked at as a whole, has a positive end 
and a negative end, and the positive end of one atom attracts the 
negative end of the next. Fig, 8 gives an idea of this attraction 
and repulsion. 

We must remember about an atom, then: 

(1) It is a tiny particle made up of negative electrons with a 

far tinier “kernel” of positive electricity. 

(2) Atoms, when they get very near to each other, repel each 

other so strongly that we can never make them enter each 
other. 

(3) Atoms at some distance apart attract each other slightly. 

There is one distance where they neither attract or repel 
each other. 

The atoms in a solid, a liquid or a gas are not only made of 
moving electrons but are actually moving themselves. This 
motion never stops and is very familiar to all of us as heat. 
If you bum your finger by putting it on a hot gas-ring, the atoms 
of iron, moving speedily, collide with the slower-moving atoms 
of your skin and speed them up imtil they jump out of the 
complex pattern of atoms which is a normal skin. The nerve 
ends are damaged by ilicir atoms breaking away and a message 
(probably a disturbance in the atom-pattern of the nerve fibre) 
goes to the spinal cord, which, by the way, instantly sends a 
signal to the arm-muscles to withdraw the finger and another 
to the brain, which feels the bum. Heat will be mentioned many 
times in subsequent chapters. At present it is enough to realise 
that all atoms are always moving and that the faster they move 
the hotter they are. 

Everyone realises that atoms are very small indeed and it 
seems extraordinary to the scientific amateur that things so tiny 
can be measured at all. All the same, there are five or six reliable 
ways of measuring them, and all give results fairly near to each 
other. The different kinds of atoms are not very different in size. 
The largest is not more than about four times the size of the 
smallest, though the heaviest is 238 times as heavy as the lightest. 
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The size and weight of the oxygen atom ate about as accutately 
known as any, and afford a good example. 

The weight of an oxygen atom is about ay x io~** grams, 
which means that it takes 1,080,000,000,000,000,000,000,000 



Pig. 9. — ^Twenty uf these lectangles would contain a million dots. 
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oxygen atoms to weigh an ounce. Its diameter is about a x 
io~* cm.» which means that 125,000,000 oxygen atoms would have 
to be kid, end to end, to make an inch. 

Well, no one can hope to picture these huge numbers, but you 
can get just a notion of the vast number and the minute size of 
these atoms by one or two comparisons. Fig. 9, p. 31, contains 
50,000 or a twentieth of a million dots. If you took a hundred 
and thirty libraries (as big as the British Museum library) each 
with 8,000,000 books of a thousand pages covered with these 
dots, there would be about as many dots as there are atoms 
in a bubble of oxygen, the size of a mustard seed. 

Take the smallest speck of soot you can see by straining your 
eyes. It might be ^^gth inch across. If this speck was shared 
up between all the people in London (8,000,000) and each of 
them counted the atoms in their share at the rate of four a second 
for eight hours a day, they would finish the job in about 150 
years. Another comparison is shown in Fig. 10. If you took 



Fig. 10. — ^This bin, the size of wluch is apparent from that 
of the Nelson column beside it, holds as many grains 
of very fine sand as one such grain contains atoms. 


as many grains of very fine sand (with grains about ^^gth inch 
in diameter) as there are atoms in one grain, they would fill a 
bin 100 yards high, too yards broad, and 100 yards long. 
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WHAT SOLIDS, LIQUIDS AMD GASES RHALLT ARB 

Now we know enough about atoms to understand what 
solids, liquids and gases are. Every substance, we realise, is a 
mass of separate atoms or molecules — ^little groups of two, duee 
or more atoms. These atoms are moving and the hotter they 
are, the quicker they move. They can’t be forced to touch each 
other; if they are a little way apart, they repel each other; if they 
are some distance apart, they attract eadi odier rather feebly. 

In a gas, the molecules are a long way apart — a long way, at 
least, compared to the size of an atom. In the air of a room, the 
molecules of oxygen and nitrogen are, on the average, about 
eight times their length apart — a distance of about looolrooo 
centimetres. A gas is, therefore, mostly entity space. It is only 
the average distance apart that can be given, because the mole- 
cules are moving. We know how many there are in a given 
volume of gas, so we can work out the distance there woidd be 
between them if they were still and were evenly distributed. If a 
tiny volume of the gas were magnified till the atoms were as large 
as tennis balls, a room as big as a rather small bedroom would 
contain about fifty of these tennis balls travelling at a pace which 
would make a tennis champion’s smash shots look like drifting 
toy balloons. You can easily convince yourself that a gas is nearly 
all empty space by considering the &ct, well known to engineers, 
that a cubic inch of water makes 1700 cubic inches of steam. The 
water turns into the gas, steam, and nothing else, so 1700 cubic 
inches of steam must contain at least 1699 cubic inches of empti- 
ness and not more than one cubic inch of atoms. 

Are the atoms in a gas arranged at all? Do they move in an 
orderly manner? The answer is — ^Nol An atom simply crashes 
straight along at several hundred miles an hour, till it hits another 
atom: it bounces off, hits another atom and so goes on, taking 
about eight thousand million knocks a second. At ordinary 
temperatures the knocks do not damage the atoms a bit. But at 
higher temperatures, above a ted heat, some of the outside elec- 
trons may get knocked off. The damaged atom, however, soon 
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picks up anothet electron to replace the missing one, and is 
dien as good as ever. In the interior of the stars where incredible 
temperatures prevail and the atoms are hurled against each oither 
at speeds which make rifle-bullets look like snails, almost the 
whole of the electrons may get knocked off the atom and very 
little except the heavy but very tiny nuclei remain. This very 
curious state of matter will be talked of again in Chapter XXXVI. 
Summing up, then, a gas is a collection of atoms or molecules, 
fairly far apart from each other, dashing about at high speeds 
and continually colliding. 

A liquid obviously contains far less empty space than a gas. 

In a liquid, like water, the 
molecules are only about their 
own breadth apart. They are 
moving just as fast as the gas 
molecules would be at the 
same temperature and they 
are not arranged in any way 
(or if any patterns are formed, 
they break up almost as once). 
A liquid is a violently jostling 
mass of molecules with no 
elbow room to jostle. If we 
magnify our liquid till the 
atoms are as big as tennis 
balls, the balls would be on 
the average about three indies 
apart and would be banging 
backwards and forwards and 
sideways with great violence, bouncing off each other. Why is 
there this difference between a liquid and a gas? If a substance 
is a gas, it is because its molecules are not suffidently attracted 
by each other to make them stay within the distance at which 
atoms attract each other fairly strongly; this may either 
be because they are the sort of molecules that do not attract 
each other much or because the molecules are dashing about 
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Fig. XI. — Showing the volume of a 
of air as compared with that of a 
of a liquid or solid. 
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vety &st — ^i.e., because the material is vety hot. In a liquid, on 
the other han^ the molecules attract each other so mudi that 
they cannot easily dash off Into space; if we heat a liquid, the 
molecules speed up; jSnally, the attraction can no longer hold 
them and the liquid boils — ^that is to say, it turns into a gas. 
Liquids and gases flow easily because their molecules are not 
strongly attracted to each other but are always moving. Thus, 
they can ooae through any hole which will let a molecule through, 
and that is a pretty small onel 

Solids are quite different from gases and liquids in that their 

A ^ molecules, though always in mo- 

00000 ^ tion, remain in a fixed pattern. 

DC.X)GOO Imagine a great pile of bricks 

neatly stacked. Imagine a billiard 
'°Qm M io tl« of each brick 

L Q ._. y — I Now take the bncks away, and 



leave the billiard balls. You ought 
now to be imagining something 
like Fig. i6, p. 47. 

Now set all these balls vibrating 
an inch each way like pendulum 
bobs (only doing millions of swings 
a second instead of one or two) 
and you have a picture of a solid. 
Beautifully regular rows of mole- 
cules or atoms, ea^ch vibrating on 
its own little beat, but not inter- 


Fig. 12. — ^Imaginaty section of (A) with the next one. What 

2 solid with tegular and cloM happens if we heat a solid? Ihe 

molecules, as always, speed up: the 
anangement of molecules, and (Q swings of the vibrations become 

swing so far out of position that no 
pattern at all remains. The pattern is destroyed and we just have 
a jostling crowd of atoms — a liquid — the solid has meltedi 




36 


The World of Science 


A COLLOIDAL SOLUTION 

The mixtures of solids, liquids and gases, froths, muds, etc., 
are now easier to understand. Let us consider a mixture of a 
solid and a liquid, say, some muddy urater. Take a spoonful of 
mud and stir it into a glass of \7ater. Little stones and sand 
sink to the bottom at once. In half an hour no bits of solid big 
enough to see are left in the liquid — they have all sunk to the 
bottom — ^but the liquid itself is thick and cloudy and a drop 
examined under a microscope shows thousands of tiny particles. 
Leave it a day or two and it will be quite clear — all the mud 
having sunk to the bottom. Evidently the smaller a particle, 
the slower it sinks. This is easy to imderstand. The molecules 
of the water are darting about and bouncing against the bits of 
mud. They cannot slow up a sand-grain much, for a molecule 
hitting a sand-grain is like a dfle-bullet hitting a great battleship — 
it does not slow it up noticeably. But when we get down to 
really tiny particles, these get bounced about quite badly. If you 
look at a ^op of diluted Indian ink under the micioscope — ^it 
must be a pretty good one ( x looo) — you will see it consists of 
tiny particles of carbon (soot) floating in a clear liquid. These 
partides are only just visible with the microscope and tb^ never 
stop moving — rolling about and quivering. They ate being 
battered and shaken by the blows of millions of water molecules 
and that queer trembling (the Brownian mo/ement) is one of 
the nearest approaches you will make to seeing a molecule. 

The black partides in Indian ink settle out only very slowly — 
the more so since it is thickened by gum — ^but if it is left for a 
year or so untouched, almost all the black settles to the bottom. 
A mixture of partides of a solid with a liquid is called a sus- 
pension. Coarse suspensions settle out, but there are a few 
suspensions which never settle out at all 1 If the partides have 
an electric charge — suppose they are negativdy and the water 
positivdy charged — ^the particles will repd each other and as 
long as they keep thdr charges they can never get togethet at 
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the bottom. These electzically charged suspensions are called 
colloidal solutions or sols. A sol of silver particles svmnniing 
in vrater (thickened with certain chemicals) is a deep brown liquid 
looking not at all Uke silver but more Uke tincture of iodine. 
Doctors use it as a mild disinfectant for delicate parts of the 
body. 

Tiny droplets of a liquid like oil floating in a liquid in which 
they don’t dissolve make another kind of suspension which is 
called an emulsion. Milk is the most familiar emulsion — ^it is 
made up of droplets of butter fat floating in “whey,” a weak 
solution of casein, sugar and other things. When milk is violently 
shaken, the oil-drops meet, stick together and form butter. 


SMOKE AND FOG 

Smokes and fogs are like suspensions: they are, in flurt, 
suspensions of solids or liquids in a gas. Ordinary smoke is a 
suspension of tiny soot particles in air. It isn’t very easy to look 
at some under a microscope, but when it is done, you see tiny 
particles darting in every direction as the gas molecules hit them. 
Smokes only settle out very slowly, for the air is always on the 
move, even when it seems to be still, but the soot gradually 
deposits, particularly on an3rthing that is moist. Thus, it sticks 
to the inside of our noses, and the lungs of a townsman are a 
dirty grey instead of the natural pink colour seen in the lungs of 
a baby. All air we breathe is really a very thin smoke, that is 
to say, it is full of dust particles. On a fine day — slightly haay 
— ^there may be 100 to aoo particles of dust in every cubic centi- 
metre; some thousands in every breath we draw. In a London 
fog, there may be 20,000 particles in every cubic centi- 
metre. The dust particles are very tiny, from to of 

an inch in diameter. You cannot see any of the many thousand 
dust particles now between your eyes and the book. But let a 
ray of sun peer through the curtains into a darkened room. The 
larger dust particles catch and setter the light and we see them 
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as “motes.” If we coat the floor of a glass box with the sticky 
liquid, glycerine, and leave it fur a day or two, all the dust particles 
will stick to the glycerine and the most brilliant beam of light, 
projected through the glass, will be invisible as it passes through 
the dust-free air. 

Fogs are either mists — drops of pure water suspended in air — 
or true fogs of the London type, where each water droplet is 
surrounded by a film of tarry smoke which causes it to soil 
everything it touches, and also prevents it from evaporating as 
does a clean country mist. The droplets in a mist are as large as 
^ ^ diameter and can often be seen by the naked 

eye — ^in fact, mist, cloud and rain pass into each other without 
any sharp dividing line. 

You have now got a picture of the three states of matter and 
can see in your minds the darting scattered molecules in a gas, 
the crowded jostling molecules in a liquid and the orderly 
pattern of vibrating molecules in a soUd. It is now easy to under- 
stand something about the behaviour of the ordinary solid things 
we meet, and explain why they behave as they do. 



CHAPTER IV 
Solids 

THE PATTERNS OF ATOMS IN SOLIDS 

W E have amved at the notion that a solid is made of atoms 
Of molecules, set out in a regtilar pattern, vibrating a 
certain distance in each direction but never leaving the pattern. 

This pattern may be perfectly regular and go from end to end 
of the solid, in which case we call it a single crystal. More often 
the pattern persists for a stretch of a few million atoms and 
then breaks off and starts again. This is the state of aHiurs in 
most solids, which are made up of little crystals arranged 
higgledy-piggledy but firmly stuck together. Plate III shows a 
photograph of a piece of steel magnified a thousand times. Each 
of the little compartments is a crystal with a regular pattern of 
atoms; but at the boundary between them the pattern breaks 
and is started again with the rows of atoms pointing another way. 

At one time it was thought that some solids were not crystalline 
at all — that their molecules were arranged just anyhow like the 
molecules of a liquid. Chief of these solids were glass and flint 
and things like glue and rubber. We are still not very certain 
about glass and flint; there is probably some sort of pattern in 
the arrangement of the molecules, but not at all a regtilar or 
definite one: things like glue and rubber have such enormous 
molecules (comparatively speaking) that they can’t form neat 
regular patterns. But generally speaking, every solid is a mass 
of crystals — neat little mosaics of atoms stuck together. 

CRYSTALS 

Since most of the solids, of which all the things we touch and 
handle every day are made, are masses of these crystals, it is 
important to have a few id^s about crystals in general. If we 

)9 
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let a liquid or a gas turn slowly into a solid, or in any way deposit 
a solid slowly, the molecules have time to arrange themselves 
in a perfect pattern and we get crystals which are big enough to 
see or handle. 

We can easily see this happening of its own accord, or if we 
prefer we can do experiments about it ourselves. Buy an ounce 
of alum at the chemist’s, put it in a teacup and pour on it a 
quarter of a pint of boiling water. Stir it, best with a bit of 
wood, until the alum has disappeared. Stand the teacup on a 
folded duster; cover the cup with two or three dusters and let 
It cool slowly all night. Next morning look at it; the alum 
will be found as well-formed crystals. A quarter of a pint of 
boiling water will dissolve an ounce of alum and more, but a 
quarter of a pint of cold water will dissolve only half an ounce 
of alum, so the remaining half of the ounce comes slowly out 
of the water as it cools, and the alum molecules form a regular 



Fig. 15. — ^Two ctystali of potassium sulphate. Then angles between 
conesponding £ices (indicated by the same letter) are identical. 

If they are set so that a pair of corresponding &oes are parallel, 
all the other pairs will be parallel. (Courtesy of Messrs. Macmillan 
and Ca, Ltd., and Prof. R. H. Totton, from the latter's CrystaUo^ 
ffvpfy md Praetiad Crystal Msasuremitt.) 

pattern. You will see that the resulting crystals have flat sides 
and sharp angles; and that they are of much the same shape. 
Crystals of the same kind do not have exactly the same shape, 
but they do have the same angles between their faces. Fig. 13 
shows two quite different looking crystals of potassium sulphate 
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with the cofxesponding faces letteced. It shows very clearly 
how the angles between the faces remain the same for a given 
crystal, though the sizes of the faces may differ and thus make 
the crystal appear to be of quite a different shape. 

Try another substance. Take a spoonful of salt (cooking salt 
is better than table salt) and stir it with six spoonhils of water. 
Pour a little of the liquid on to a piece of glass (say the bottom 
of an inverted tumbler), let it dry up of its own accord. There 
is no harm in putting it near the fire. Minute crystals of salt 
will appear. A magni^dng glass or a microscope will show them 
to be little transparent cubes. Like the alum crystals, all their 
sides are flat; and the corresponding angles of every salt crystal 
are the same, in this case right angles. 

One more experiment: Put a lump of camphor in a dry medicine 
bottle, cork it and stand it on the window sill. In a day or two, 
little brilliant crystals of camphor will 'deposit on the cooler side 
of the bottle. In this case the vapour of camphor has arranged 
its molecules in a regular pattern and formed crystals. The lump 
of cantphor you start with is a mass of tiny crystals all set any- 
how; if you break it, you will see them. The slow depositing 
of the camphor from its vapour gives the opportunity to make 
bigger crystals. 

What we call “natural processes” make much finer crystals 
than men can. Nature has unlimited materials and some of her 
crystals have taken centuries to make. 

Plate 11 shows two beautifully regular crystals, the first fluor- 
spar, or blue-john, the second, l^ryl, a beautiful blue-green gem- 
stone. Neither of these could at present be made by man. Some 
of nature’s finest aystals are made with water. When water 
solidifies to ice, it forms “hexagonal” crystals with angles of 60° 
and 120°. These for some reason show a remarkable tendency 
to branch. Most people have poured out a half-frozen bucket 
of water and found in it clear blades of ice, notched like fern- 
leaves. These are water crystals. But the most beautiful pro- 
ductions are found when water-vapour, of which the air usually 
contains 1% or more, solidifies to ice. Everyone has seen fcost 
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crystals on the window pane: look at them again next time and 
think how they ate all made up of water molecules set together 
in ever>repeating variations of the six-sided star-pattern. But it 
is in the snowflake that the most extraordinary regularities are 
found. As the snowflake forms in the cloud it is surrounded 
with water vapour which freezes on to it equally and regularly 
on every side; and, if the flakes are slowly formed, the sort of 
delicate lacework of crystals is developed, which is illustrated in 
Plate II. They are a litde difficult to observe for oneself, because 
they melt so quickly, but by catching them on a black sleeve 
and looking at them with a strong lens, much can be seen. 

The crystals are finest when the snowfall is not too heavy, 
when the air is still and when the weather is pretty cold. 

Francis Thompson perfectly described the delicate beauty of 
crystals of ice and snow in his poem. To a Snowflake: 

What heart could have thought you? — 

Fast our devisal 
(O filigree petal) 

Fashioned so purely, 

Fragilely, surely. 

From what Paradisal 
Imagineless me^ 

Too costly for cost? 

Who hammered you, wrought you. 

From argentine vapour? — 

God was my shaper 
Passing suttnisal. 

He hammered, He wrought me. 

From curled silver vapour. 

To lust of His mind; — 

Thou coulds’t not have thought met 
So purely, so palely. 

Mightily, frailly, 

Insculped and embossed. 

With His hammer of wind. 

And His graver of frost. 
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Beautifolly expressed, his thought is whoUy sundered from that 
of the modem man of Science, who, if he looks to God as a 
Creator, thinks of Him, not as separately fuhioning forms of 
beauty, but as putting forth the supreme marvels of proton, 
neutron and electron and space-time, which of themselves have, 
without guidance, created every grace of form and action. 

The most obvious and showy thing about crystals is thdt 
lovely shape; but even if a crystal had no shape, we should know 
it for a crystal. Because a crystal is a regular partem of atoms, 
it has a grain to it, so to speak, and it will behave differently if 
things are done to it with the grain or across the grain. 

Look at a handkerchief. That is a sort of lattice with its 
thread-crossings repeadng themselves in every direction. If you 
wanted to tear it up, you could only do it along the hne of one 
set of threads or the other. It will easily tear in two directions 
at right angles to each other but not in others. Now look at a 
pattern of atoms Uke Figure i6. It is obviously likely that it will 
“tear” or split along the spaces between the atoms, much more 
easily than it will split in a direction which goes through the layers 
of pattern. Accordingly, we find that most crystals “cleave” 
easily. A light tap with a knife blade, in the right direction, will 
split them in two. Plate II shows first the cleaving of a piece of 
crystalline of calcite, a very pure form of marble. You will see 
that the pieces have split along two directions at an angle of 74° 
55' and 105° 5 ' to each other and parallel to the original cleavage 
faces. This cleavage is of some practical use. The diamond is so 
hard that to cut it a very skilled and slow process of rubbing 
down with diamond dust and oil on revolving wheels is needed. 
But find the right angle for cleavage — not a very easy task, it is 
true — and a tap widi a hammer and knife-blade will split it. 

The third thing worth noting about crystals is that they behave 
differently in different directions. If you cut a plate of rock- 
crystal lengthways from point to point of the crystal, coat it 
with wax and put a hot point on it, the heat will go more easily up 
and down the crystal than across it and instead of a circle of melted 
wax spreading out from the hot point, we shall have an oval. 
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Most ordinary solids, like steel or marble, do not show these 
properties of regular shape, cleavage, etc., because they are 
made of a tremendous number of tiny crystals all set anyhow. 
If one crystal is cleaved by a tap, the split goes no further, because 
the next tiny crystal is facing the wrong way to be cleaved. The 
different appearance of solids in big cryst^ and little crystals 
is fairly well illustrated by sugar. Sugar candy is made of a few 
big crystals of sugar. Coffee sugar, too, is made of single crystals. 
Their crystal form is shown in Fig. 14. Lump sugar is a mass 
of small crystals quite easy to see. In foreign loaf or in icing 
sugar, the crystals arc much smaller, while in barley sugar there 
probably are not any crystals at all but just a mass of sugar 



Guie sugar. 



Epsom salts. Camphor. 

Fig. 14. — Crystals of some commoa substances. 

molecules hanging together and not arranged. (Break a bit; 
you will see no flat crystal faces, only a shiny rounded surface.) 
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LATTICES 

The pattetns of molecules wc find in solids are those which go 
on repeating themselves in every direction till we come to the 
edge of the crystal. A pattern which goes on repea^g itself so 
that every point in it is surrounded by an exactly similar set of 
neighbouring points is called a space-lattice. The simplest sort 
of lattice to understand is a flat one as shown in Fig. 15. The 
point A and the points B and C have in Fig. 1 5 («) four neighbours 
o 
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Fig. 15. — ^Two-dimensional lattices. 

o.j6 cm. away and set at the cornets of a square, and four neigh- 
bours 0.4 cm. away and set at the middles of the sides of the same 
square. The pattern can go on for ever in every direction and 
each point is indistinguishable from the next. Fig. ij (^) shows 
another flat (two-dimensional) lattice. Here, every point has six 
neighbours 0.3} cm. away and equally spaced around it. 

Now if a crystal had its atoms in patterns li^ these, it would 
only be one atom thick and you couldn’t see it. The latd^ in 
which the atoms of a crystal are arranged are three-dim^sional, 
is to say the pattern goes up and down, left and right and 
forwards and backwards as weU. Fig. 16 gives apicture of one such 
bttice. It shows the pattern in which the atoms of common salt ate 
arranged: this is Hke Fig. 1 5 («) repeated like a pile of sandwiches. 
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This picture gives you the pattern. To get a clearer notion 
you should dunk of the atoms as vibrating back and forth, so 
that there is not much space in the crystal which is not at least 
part of the dme invaded by one of the neighbouring atoms, and 
also you must think of the pattern going on almost endlessly in 
every direcdon. Suppose a tiny crystal (say a grain of table salt) 
were magnified dll the atoms were as big as tennis balls, the 
regular pattern of balls arranged as in Fig. i6 would be thirty 
miles broad, thirty miles long and diirty miles high. 

Of course, there are a great many different atoms and molecules 
which can be formed into these patterns, and the different si 2 es 
and attracdons of these make each kind of crystal just a litde 
■different from any other. The differences between one crystal 
and another are not only differences in shape. Some of the 
greatest differences are due to the fact that molecules may be 
bound into the crystal by very strong forces or quite feeble ones. 

At one extreme, take the camphor crystals you made. They 
are so soft that you can crush ^em with your thumbnail, and 
the camphor molecules are held in their lattice so feebly that if 
you put a camphor crystal on the mantelpiece it will all evaporate 
away into vapour before many weeks have gone. 

Each camphor molecule is held to the next by the feeble 
attracdon that every atom or molecule has for another one a 
litde way &om it. The vibradons of the molecules are enough 
to send the outside ones out of range of the attracdon of the 
rest and they sail off in the air. Camphor smells simply because 
its molecules sail away and enter one’s nose. Suppose a bit of 
camphor the size of a pea disappears altogether in a year. This 
means that it is losing about ten million million molecules a 
second for all that timel 

Next look at a crystal of salt. It is a cube harder than the 
camphor but not difficult to crush, whereupon it splits up into 
smaller pieces with square edges such as it originally had. But 
weigh it, leave it for a year, and the most delicate baknee won’t 
show that any of the salt molecules have gone off into the air. It 
has to be heated bright red-hot before the molecules ate moving 
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fast enough to go off on their own. They stick to each other, 
because the crystal is held together by strong electrical attracdons. 
The reason why this is so is a little difficult to follow unless you 
know a little diemistry. G>nunon salt is a combination of the 
soft inflammable metal sodium and the green poisonous gaseous 
element chlorine. If you put a bit of sodium in chlorine, it 
catches alight and bums, giving out a white smoke which finally 
settles out as a white powder — sodium chloride or conunon 
salt. Now, the teal thing which happens is ffiat the sodium atom 
has an electron too many to make the stable or “favourite*’ pattern 
of eight outer electrons: chlorine has an electron too few to make 



Fig. i6. — ^The amngement of ions (electrically changed atoms) in 
common salt, magnified 70,000,000 times. The spheres indicate the 
positions of the centres and rtLsHvt sizes of the sodium ions (black) 
and chlorine ions (grey). Actually these almost touch: they are 
drawn to a smaller scale to allow the arrangement to be seen. 


this pattern; so the sodium hands its electron to the chlorine. 
Now, the sodium atom started with just as many positive charges 
(protons) as it had negative electrons, so now it has one positive 
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chatge not balanced by a negative one; while the chlorine atom 
has got a negative chaxge not balanced by a positive one. So, 
after the chwge, the positively charged sodium atom (now 
called an ion) is strongly attracted to the negatively charged 
chlorine ion. So when salt crystallises, instead of a set of mole- 
cules rather flabbily clinging together (as in camphor) we have 
a crowd of electri<^y ringed *‘ions” all pulling on each other. 
Now, if any sodium ion pulls a chlorine ion to itself, it has to 
pull it away from the other sodium ions which are piiUing it 
just as hard; so the crowd of ions settles down to a balance like 
equally matched tug-of-war teams and sort themselves out as a sort 
of sandwich, first a kyer of sodiumions, then a kyer of chlorine ions, 
then another kyer of sodium ions and so on through the crystal. 

No wonder, then, that salt does not evaporate easily, for if an 
ion wants to get away, it has to drag itself away from the powerful 
electrical attraction of its neighbours. 

At a certain temperature (804** C.) salt melts. This means that 
the ions vibrate so strongly that their attraction will no longer 
hold them in die kttice. The pattern breaks up and the sodium 
ions and chlorine ions go off into the liquid all mixed up. At 
a white heat (1415^ C.) the melted salt boils. The ions are now 
moving so fast diat even their powerful electrical attractions 
will not keep them in the liquid. So each positive sodium ion 
links up (arm-in-arm, so to speak) with a negative chlorine ion 
and they go sailing away through the air. 

Now let us consider one of the most remarkable substances, 
that IS to say, diamond, which, oddly enough, is entirely made oif 
carbon, die same stuff as pure charcoal. A diamond is the hardest 
thing in the world. Nothing we can do to it will make it melt 
or turn into vapour. A diamond is a single giant molecule, made 
up of coundess carbon atoms. Every carbon atom (Fig. 344) 
has four outer electrons. If it lends a share of one electron to 
each of its four neighbours and borrows a share of an electron 
from each of them, it gets a share of eight electrons. But since 
every outer electron is now shared between two carbon atoms 
these atoms are, so to speak, interkced and tremendously righdy 
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. bound to each other. This 
Y is '^hy a diamond is so hard 
/ and why it will not evapo- 
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T apply a great deal of energy 

# ■#<X them. 

T Most very hard things 

9 are giant molecules. Gir- 

Fig. 17,— The structuie of diamond. The borundum, the next hardest 
citdes teptesent carbon atoms: the diffietent thinp r after (used 

shadings mark out the planes alcmg which - ^ ^ , 

a diamond can be cleaved. for whctstones and grmd- 

ing wheels), is jtist like 
diamond except that instead of having a pattern all of carbon 
atoms it has a pattern of carbon and silicon atoms all boimd 
together by electrons. Rubies and sapphires (both very hard 
stones) are made of aluminium and oxygen atoms, all bound 
together in this way. Nearly as bard as these gemstones is steel, 
and we shall see that it is a little difficult to make out why it is 
so hard. It seems that a crystal of pure iron is a giant molecule 
of iron atoms, bound together by sharing electrons; this giant 
molecule is not very hard, because the atoms can unship their 
electron cables (so to speak), slip a certain distance and then hitch 
on to other atoms. Steel contains a little carbon which seems to 
fill up the spaces between the iron atoms and stop the slipping in 
much the same way as sand on a frosty pavement. 

There are three kinds of giant molecule altogether. First 
the solid (or 3-dimensional) one like the diamond we have 
just talked about; secondly the 2-dimensional or larger ones, 
which are piles of flat layers of atoms firmly bound to each 
other but only feebly hanging on to die next layer; thirdly the 
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duread-like i-dioiensional giant molecules where the atoms 
ate strongly bound together into a string like beads, though each 
string is not very firmly bound to the next. 

Of the solids with layer-molecules the best known is graphite. 



Fio. i8. — Structure of graphite. The black 
circles are carbon atoms. The short hori« 
aontal lines indicate^ firm linkages by 
sharing of elearons^the long vetticu 
lines indicate weak linkage by electrical 
attraction of the atoms. 


die stuff in lead pencils or 
stove polishes, li^ the dia- 
mond, it is made of carbon 
atoms and nothing else, but 
these are strung together in 
layers in a honeycomb pattern 
and each layer only hangs 
feebly on to the next. This is 
why graphite is soft and slip- 
pery. The flat layers slide 
over each other without any 
difficulty like a pack of cards 
because they are not bound 


together by any powerful 
attractions. Mica, the stuff of which the transparent doors to 
anthracite stoves are made, is another giant layer molecule (Fig. 
378). You can split mica into the thinnest &ikes because it is 
simply a pile of extremely thin layers each of which is an elaborate 
pattern of silicon, oxygen and magnesium atoms. French chalk is 
powdered mica and its smooth slippery feel is caused by its being 
a mass of these tiny thin flakes. 

Finally, the giant thread-molecules are important because they 
make fi^s and the modem world finds thousands of uses for 


fibres. Paper, cardboard, cotton, wool, silk, hair, wood, asbestos. 


are a few of the fibrous materials we use. 


Just look round the house and you will see that most common 
domestic objects are made of fibres. Clothes, carpets, chairs, 
upholstery stuffing, books, wall paper, are all made of fibrous 
material. If we look at cotton under the microscope, we sec it is 
made up of hundreds of tiny fibres (Plate XXVIII). These fibres 
are of course absolutely enormous when compared to molecules, 
but if they are examined by X-ray photography (pp, 518 it 
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appears that eadi fibre contains thousands and thousands of 
much smaller fibres laid side by side — rather like sticks in a 
bundle. Each of these smallest fibres is a giant molecule fashioned 
rather like a watch-chain, the links being rings of carbon, hydrogen 
and oxygen atoms. Silk and hair have also long thread-like giant 
molecules. These fibres are not exactly crystals but they resemble 
crystals in having a repeating pattern of atoms. Part of a thread 
molecule from an asbestos fibre is shown in Fig. 378. 

HARDNESS AND STRENGTH 

If one was asked what was the chief thing that made solids 
difierent from liquids one might answer — ^the fact that they are 
hard and strong. They keep their shape. From jhe point of 
view of the engineer or the builder, the most important question 
to answer about a solid material is, “What will it stand?” The 
points to know about a material you are going to use to make a 
machine, a house, a ship, a railway line, are: 

Is it hard or soft? 

Is it tough or brittle? 

Is it strong or weak? 

Something has already been said about hardness and softness, 
and it will be realised that a hard substance is one which has its 
molecules firmly bound together and a soft one the opposite. 
Pure hardness is not very often wanted by the engineer. A 
material like glass or rock-crystal which is hard (difficult to 
scratch or dent) but brittle (easily broken when bent) is not a 
great deal of use. Diamond is, as I have said, the hardest stuff 
in the world: it is not very brittle but fairly so. A diamond is 
shattered at once if hit by a hammer, but you can rub it and 
grind it with anything else but another diamond and will not 
even be scratched. Diamonds are so expensive that engineers 
can’t afibrd to use them much, but two very important uses 
have been found for diamonds which are discoloured and 
therefore useless as gems. 

When a deep hole is being drilled in rock, a heavy cylindrical 
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drill (Fig. 19 B) is twisted round in the hole and slowly cuts out 
a long cylinder of rock, A steel drill is very soon blunted, for 
almost all rocks are full of particles of silica (sand or quartz) 
which is just as hard as steel. So, in the cutting face of the 
drill the engineer sets a dozen or so strong lumpy diamonds: 
the dark kind called "bort” are the best. The Esmonds cut 
through the rock enormously quicker than could steeL Such a 
drill may be worth a couple of thousand pounds and naturally 
there is a good deal of excitement if it breaks off at the bottom 
of a hole a thousand feet deepi Anoriier job where hardness — 
freedom from wear — ^rather than strength is needed is wire- 
drawing. To make a wire, a rod of metal is pointed and then 
pulled through a hole just a little smaller than itself. It is then 
pulled through a hole a little smaller still and so on, until it is 
reduced to as small a diameter as may be wanted. These holes 
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Fig. i9.-^a) Diagram illustrating the method of drawing wire; 

(b) a diamond drill; (c) a jewelled bearing in a watch. 

are very quickly worn out because of the miles of wire hauled 
through them; the best way to make them is to drill a hole 
through a diamond, with ^e help of a rotating bit fed with 
diamond dust and oil, and set the diamond in a steel ring. 

You often sec advertisements of watches “with nineteen 
jewels.” The wheels of a watch go round for a lifetime and ate 
not often oiled. The accuracy of the watch depends on their 
turning very easily without looseness or shaking. Accordingly 
the bearings (Fig. 19 C) in whidi the spindles (“arbors*’) of a 
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watch wheel fits are made of a jewel, usually a small ruby ot 
sapphire, drilled with a fine hole. The end of the spindle, in the 
best watches, rests on a second, jewel. 

But, for most purposes, a material has got to stand shocks, 
A rod of rock crystal will stand as much wear as a rod of steel 
and will stand very nearly as strong a pull, but it won’t stand 
a sudden shock. The materials which wiU stand the sort of 
treatment which a hammer-head, a tramline or the buffers of a 
train get are only of one kind — metals. It is very difficult to 
break metals. They bend before they break, whereas most 
other things like glass, salt, stone, brick, etc., break before they 
bend. We distinguish, then, things like metals which are tot^ from 
things like glass which are brittle. 

Just think of what you would have to do to break, first, a tin 
can or copper ketde, tien a china cup or glass jug, and you will 
see the (Merence. 

Scientists have been puzzled for a long time as to why metals 
are so different from anything else. Think of a silver shilling. 
It has an odd shiny look about it which is shared only by other 
metals like steel, mercury, nickel and so on. It is absolutely 
opaque to light. Only the thinnest leaves of silver — ^fifty or a 
hundred atoms thick, let any light at all through. It is very tough 
and strong — try to break it or bend it. It conducts heat mar- 
vellously — hold one edge in your fingers and the other in a 
match-flame. It conducts electricity hundreds of times better 
than anything which is not a metal. There is still a great deal of 
argument going on as to why metals are so different from other 
things. The most probable answer is that the hardish ones like 
iron, copper, silver, chromium, etc. are giant molecules and 
every atom is bound to every other as, for example, they ate in 
ftiatnond. This makes them hard. But the difference between a 
metal and a thing like diamond or rock-crystal is that once you 
do break the bonds between the atoms in a diamond they arc 
broken for ever, while in a metal the binding eketrons can shift 
from one atom to another. If you bend a copper rod, the layers of 
atoms in the copper crystals slide over eadi other (bend a book 
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ot a pile of sheets of paper and see how they slip) and when the 
bending is done, the aton\s link up to each odier again and ate 
as strong as before. If the bending is too violent, the layers may 
be pulled out of reach of each other and can’t, so to speak, heal 
up again. This theory of shifting electrons accounts for the 
remarkable way in which metals conduct electricity. A current 
of electricity is just a mad rush of electrons. In a metal, the 
electrons shift along from one atom to the next quite easily; in a 
diamond or a ruby they cannot shift at all and not a trace of 
electricity can get through. The fact that metals do not let light 
through depends on these free electrons too. Light is made of 
waves of magnetic and electrical force, as is explained in Ch. XV. 
Electrons, being electricity, are moved by electrical and magnetic 
forces and so these forces which make up the light are totally 
expended in setdng loose electrons in the me^ moving; thus 
the light is used up. 

The other things which are tough but not hard are the fibrous 
tilings mentioned a short way back. In these, the long threadlike 
molecules are flexible and, since they are not bound to each 
other at all firmly, they can all bend together without damaging 
each other. 

Tough materials ate wanted for a great many engineering 
purposes. The toughest of all are wanted for pieces of machinery 
which take violent shocks. Take, for example, the chain links 
which couple together the trucks of a goods-train. When the 
engine sets off, each link comes tight with a bang and a jerk. 
Steel would snap after a time, so a material not as strong as steel 
but even tougher — wrought iron — is used. Metals are tough and 
fibres are tough: wrought iron is hammered and rolled in such 
a way that it is a mass of fibres of nearly pure iron and is the 
toughest thing in the world. Copper is very tough but very 
soft as well, but a mixture of copper with about an eighth of 
its weight of tin gives the alloy, bronze, which is supremely 
tough and strong though not very hard. Bronze is used for ship’s 
propellers. If a liner’s vast propeller weighing 35 tons and 
turning 250 times a minute Uts a sunken log or some such 
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obstrucdoa, it receives a fearful shock; a steel propeller would 
probably break and leave the ship crippled or helpless, but a 
bronze propeller will bend before it breaks. 

■ The last but by no means least important 

quality needed in an engineering material is 
strength — ^tenacity — the ability to stand a 
pull without breaking. The finest steel here 
stands alone. A rod of steel an inch square 
will stand a puU of eighty tons, the weight 



Fig. 20, — A steel rod of i in, cross section (the size of the black squate) 
would be at breaking point when supporting eleven motor-buses. 

A copper rod of the same size would support two buses: a lead rod 
would support a saloon car. 

of nearly a dozen large motor buses. “Mild steel” is less strong 
but much cheaper: a rod an inch square, made of the mild 
steel from which girders, etc., are made, will stand a pull of 
some twenty tons. Mild steel costs only about ^8 los. a ton, 
and is by far the strongest material at the price. It is not as strong 
as fine hardened steel, but it is tougher: diough it is not as tough 
as wrought iron, it can be cast in moulds, while wrought iron 
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has to be fotged. It is the matetial par excellence for engineering 
jobs in genex^. 

A great many materials which will not stand a pull will stand 
a push. All kinds of stony materials like bricks, stone, concrete 
and so on, will bear a tremendous weight on top of them, but 
will not stand pulling or bending. The importance of ferro-con- 
crete follows from this. A building of concrete alone would stand 
a very great weight as long as the strains (such as wind-pressure) 
did not bend it sideways. Steel is much too heavy and expensive to 
make a whole building of, but if we pour the Uquid concrete round 
bars of steel the result is a very efficient structure. The steel takes 
the bending and pulling strains and the concrete takes the pressure . 

Finally, a very important property of solids is elasticity. Gases 
are perfectly elastic, as you can easily convince yourself by 
sitting on a football; if you compress them by a push, they come 
back to ezacdy the same volume as before when you take the 
pressure away. Liquids, too, are perfectly elastic, though they 
are very hard indeed to compress. Solids, however, have another 
kind of elasticity: if you alter their shape by appl}ring a force, 
they come back to the same shape again when the force is 
removed. Everyone thinks of india-rubber as the most elastic 
material lliete is, but it is no more elastic than steel. Rubber 
can be stretched a very long way and come back again. This is 
because it has giant thread molecules folded like a tangle of rope. 
They pull out straight and, when let go, snap back and fold them- 
selves up again, '^^en a steel rod is stretched, the atoms in the 
lattice ate pulled a little farther apart. Every atom is hitched 
to the next by electrons (probably going in an orbit round both) 
and to stretch the orbit you make the electrons go further and 
do more work. Each electron is very small and feeble, but the 
collection of millions of millions puts up a good pull. An elastic 
metal like steel just stretches these orbits when it is pulled on 
or bent and, when it is let go, they spring back and the material 
returns to its former shape. The poorly elastic metal (like lead 
ox copper) when pulled on strongly, just unlinks its atoms and 
links them up again in the new position. In other words, it 
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stretches. The only important elastic material (beside rubber) 
is steel, and it must be hardened steel. If steel is made red-hot 
and suddenly cooled in water, it becomes very hard, very elastic 
and rather brittle. The process is called tempering. If the 
tempered steel is then gendy heated up, it becomes softer, less 
elasdc but much tougher. Springs, which of course must be 
very elastic but which must bend a long way without breaking, 
are almost always made of steel which has been tempered and 
reheated. It is hard to make a good spring out of anything but steel. 

If a steel spring is stretched, it extends, and the extra length 
is propordond to the load: if a one pound weight makes a spring 
two inches longer, then a 2 lb. weight makes it four inches 
longer, and so on. But after a dme, the elastic limit is reached and 
the spring begins to stretch much more for every pound put on, 
and if the weight is taken off the spring will no longer go back 
again. What has happened here? It seems that a sufficient weight 
makes the links between the atoms give way at the weakest points, 
which are where the tiny crystals of metal join: these crystals slip 
past each other and the shape of the spring is altered; a litde more 
w'*ight makes the crystals separate, whereupon the spring breaks. 

The engineers are naturally very interested to know how strong 
a piece of material is. If a bridge is to be erected, a plan is nude 
showing where every rod and girder is to go. Then comes the 
question, how big have these girders got to be? If they are made 
too big, the bridge will be very heavy and e:q)cnsive and someone 
who can do it cheaper will get the contract; if too small, the 
bridge may break, lives may be lost and the reputation of the 
firm may be ruined. So engineers must ascertain how much force 
their girders can stand before they break and then make sure they 
will never have more than about a quarter of this force to beat. 
The usual thing to do is to take test pieces of the actual steel used in 
the girders and see how many tons pull is needed to break them. 

The machinery used for the purpose is illustrated in Fig. 21. 
The piece of steel P is strained between two cross-heads C, C. 
The lower one (C) is slowly pulled down by an electric motor M 
(or handwheel) working a screw (L). The top one (C) is con- 
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Fig. 21. — ^Testing machine. The test piece P supports the 
pull of the weight W multiplied by Y. Y is a fixed 
distance. X is read off by a scale marked in tons. 

(Courtesy of Messrs. W. &. T. Avery, Ltd.) 

nected to the beam of a large weighing machine, in principle 
like those used for weighing luggage at stations but of course 
more powerful. This actually weighs the pull of the screw L 
on the test piece. The big weight W, is so heavy that it 
is moved along by gearing operated by a handwheel. A 
scale enables the user to read off the pull when Ae test piece breaks. 

For many purposes, engineers need a hard material and so 
they also require some way of telling how hard a thing is. Now 
hardness is not nearly as simple an idea as breaking strain; how 
are we to tell if glass is harder than rock crystal or gold harder 
than silver? The original test was to sec whidi material scratched 
which. A diamond will scratch anything, a ruby won’t scratch 
a diamond but will scratch steel, steel won’t scratch ruby but will 
scratch copper, and so on. This test gives a notion as to which 
of two things is the harder; but it does not measure the hardness 
as a figure or number. A simple way is to number ten materials 
in order of hardness calling Diamond lo; Corundum (colourless 
ruby or sapphire), 9; Topaz, 8; Quartz (rock-crystal), 7; Felspar 
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(the big whitish crystals you see in polished granite), 6; Apatite, j; 
Fluorspar (the ornamental “blue-john” used for vases, etc.), 4; 
Calcite (marble), 3; Gypsum (alabaster as used for the bowl> 
reflector electric fittings), a; Talc (used for the fronts of stoves), i. 
Then, if the substance we are testing (say steel) is scratched by 
rock-crystal but scratches felspar, we say its hardness is between 7 
and 6; and we call its hardness 6.j. A rough rule is that things of 
hardness i and 2 can be scratched with a finger-nail, 3, 4, 5, 6 with 
a knife, and 7 — 10 not with a knife. Engineers often use a 


form of the Brinell hardness 
ball into the metal to be tested 



Fig. 22. — Brinell hardness tester. The 
screw drives the ball into the test piece 
(black) until the force applied is enough 
to lift the weights. The size of the dent 
in the test piece is then measured. 
(Courtesy of Messrs. W. & T, Avery, 
Ltd.) 


tester which forces a steel 
widi a measured force. The 
width of the dent it makes is 
measured and the hardness is 
calculated from it. Fig. 22 
shows the machine. The ball 
is forced by a screw into the 
specimen (which is mounted 
on the platform of a weighing 
machine) until the weights 
(W, W) lift, which happens 
at a pressure of 3000 kilo- 
grams (about 3 tons). 

This machine is used for 
metals, but of course is no 
good for things like glass. 
Glass is about as hard as 
ordinary steel, but if you try 
to dent it, it promptly breaks 
and you cannot get a measure- 
ment. 

Finally, the toughness of 
a material is most difficult to 
measure. Engineers often 
test the toughness of steel by 
finding out how many times 
it can be doubled on itself like 



6o Tbe 'World of Scienet 

a folded foot-rule and straightened again 'without breaking. This 
is a very severe test and only a tough steel will stand it at all. 
G>pper comes out of it very well. Things like stone are not worth 
testing for toughness, because no one ever thinks of using them 
for a job where toughness is required. 


HEAT-EXPANSION OF SOLIDS 

The effect of heat on solids is the same as its effect on every- 
thing else — it speeds up their molecules. The first effect of this 
is to make the solid expand — that is to say to make it become 
larger every way. The reason for the expansion is probably that 
the molecules move faster and as they vibrate to and fro they 
come nearer to their neighbouis and repel them a little more. 
Every molecule gets a little further from the next and so the 
lattice becomes spaced out a little more widely. The effect is a 
very small one: as you know, you cannot see an iron poker 
getting longer and shorter as you put it in the fire and take it 
out again. 

Actually, if you took bars of different materials, each a hundred 
feet long, and measured them. first on a day when it was just 
freezing (o° C.)and then again on a really hot summer day (30° C.), 
you would fibd the following differences; 


A bar 100 feet long 

is this much longer on a hot summer 

made of this material 

day than a freezing winter one. 

Aluminium 

^ of an inch 

Copper 

f of an inch 

Cast iron 

1 of an inch 

Glass 

^ of an inch 

Rock crystal 

of an inch 


The expansion is very small, but it is exceedingly powerful. 
Suppose we take a cube of iron with each edge an inch long and 
hold it between absolutely fixed supports so ffiat it cnnnqt expand 
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in any direction and then heat it from o® C. (temperature of ice) 
to loo ®C. (temperature of boiling water). The iron would expand 
by just about a thousandth of an inch if it was free. But, as we 
have fixed it, it can't expand; so, in effect, we have compressed 
our hot piece of iron to of its length, and, if we measure the 

force needed to do this, we find it is no less than 35 tons 
weight. In other words, the iron cube would be straining to 
expand with a force eqmd to a weight of about thirty-five tons. 

We can see from this that solids expand very little, but (if 
they are strong and difficult to compress) very forcibly. This 
expansion has to be taken account of in engineering work. If 
you have any big metal object of which the temperature is likely 
to alter, it is essential to give it room to expand and contract. 
A railway line may be as hot as 40° C. in summer: the line might 
be laid in winter when the temperature is (say) about 5® C. 
Steel expands about eleven-millionths of its length for each 
degree centigrade it is heated; so, on a hot day, a rail 60 feet 

long would be i- — inches (more than a quarter of 

1,000,000 

an inch) longer than when it was laid. Well, suppose ihe men had 
laid the rails so that each rail touched the next two. All the 
rails would get J inch longer and the force would make them 
bend like a bow. When the rail had lifted, so that its middle 
was six inches above the ground, it would be \ inch longer 
and quite comfortable again, but the next train coming along 
would be wrecked! So railwaymen lay their rails with a gap of 
a quarter of an inch between each. Big bridges give even more 
trouble, for the steel girders used are far longer than railway 
Unes. The girders of the Forth Bridge are mounted on rollers 
so that they can expand and contract (as much as a foot!) on hot 
and cold days. Steam pipes are a source of trouble too. When 
superheated steam is going through them, they are not much 
less than red-hot, but when the machine is not working, they 
are cold. You can’t put gaps in a steam pipe, so the engineers 
allow for expansion by putting in curved spring sections which 
are easily b^t. Very large pipes require great force to bend 
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them; in Plate I is shown a very large expansion joint made 
by Messrs. Aiton, Ltd. This is corrugated like a concertina to 
make it at once strong and springy. 

These are some of the troubles the expansion of solids makes: 
now for a few of its advantages. It gives us a good way of fixing 
a ring of metal round a disc of metal. As an example, take the 

flanged “tyres” on rail- 
way wheels. The tyres 
are made a little smaller 
than the centres they 
have to fit over and are 
then made hot. They 
expand, and the cold 
centre can be slipped in. 
When the wheel cools, 
they contract and grip it 
so that they will not 
come off again in a 
hurry! Fig. 23 shows 
how this is done. The 
process of “shrinking” 
one piece of metal over 
another is quite often 
used; the outer casings 
of big guns are often 
shrunk over the itmer 

„ ~ ^ ., ones. The disadvantage 

Fig. 23. — ^Fitting centte to taiiway tyre. , 1 1 • r 

(Courtesy of London, Midland and til® tncthoci IS the 

Scottish Ry. Co., Ltd,) tremendous strain it 

may put on the material. If the sizes of the two bits and 

their temperatures are not very carefully worked out it 

may well happen that the outer bit is neatly breaking with 

Ae pull. Consequently, the tyre of a tailway wheel and the 

centre to fit it are most carefully macltincd so that the former 

is only larger than the latter by toxtyooof diameter of 

the wheel (say to inch). The amount of the expansion of 
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a solid can be used to measure how 
hot a thing is. The expansion of 
liquids is used in ordinary ther- 
mometers, but for a few kinds of 
thermometers the expansion of a 
piece of metal is used. Now a 
reasonable-sized bit of metal ex- 
pands so little for each degree that 
it is not easy to make any gadget 
which will enable us to see the 
= change, but one rather useful trick 
has been thought of. Aluminium 

Fig. 24. — A Rototherm bimetallic expands much more than iron,' for 

thermometer operated by a spiral - decree thMf exnansions are 

bimetallic strip. Inset, bimetallic Qegree melt expansions art 

strip. The upper of the two metals twentv -five milUonths and eleven 

W* respect- 

when the strip is heateJ. (Co tesy ively. If we rivet a bit of alumin- 
of British Rototherm Co., Ltd.) ^ ^ pjg 

(inset), and heat the strips, something will have to go. The alu- 
rainii'ni gets longer ’Jian the iron, but still has to touch it all the 
way along. The or way in which the strain can be relieved is 
by the aluminium benuing over the iron. A little bit of geometry 
will show that a very small difference of length in the two metals 
will cause a biggish curve in the strip. Thermometers are now 
made from these bimetallic strips. The Rototherm type are very 
nearly as accurate as mercury thermometers and — as they read on 
a dial — much more convenient. Fig. 24 shows how the “bi- 
metallic” strips arc mounted. The unequal expansion of the spiral 
strips can only be compensated by the spiral rolling up or un- 
rolling, so moving the pointer. Modern incubators are worked 
much in this way. A strong bit of steel has a bit of aluminium 
riveted to it at each end onfy. When the two get warmer, the 
aluminium is too weak to bend the steel, so it rises up into an arc 
(just like the rail on p. 61). The regulator is set so that as the 
incubator gets hotter the aluminium pushes up a lever and 
lets die hot air from the lamp go outside the incubator, which 
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then gets cooler. If it gets 
too cool, the aluminium shrinks 
and falls and the lever and 
shutter make the hot air all go 
into the incubator and warm 
it up. In this way the incubator 
is kept just at the right tem- 
perature. 

If you want to see the expan- 

Fig. the principle of ^f a piece of metal, it isn’t 

the regulating system of an incubator. tOO difficult. Get an Iron rod 

(a kitchen poker will do), five 
bricks, a bit of broken glass, a knitting needle, a straw and a 
bit of sealing wax. Hold one end of the poker down with the 
bricks and under the other end put the needle with the bit of 

glass under it. Fasten the 




straw on to the needle with 
a blob of hot sealing wax. 
Stand a bootbox behind it 
and mark the position of 
the end of the straw with a 
pencil. Now heat the poker 
with a blow lamp or a tin 
saucer of methylated spirit. 
It will expand about a 
hundredth of an inch. The 
needle will ro// a hundredth 
of an inch, and this will 


move it about a twentieth of a complete turn, which again will 
turn the straw through two or three inches. For success, you 
want a rather smooth bar pressing hard on the needle. Brass is 
rather better than iron. 


And now take a flight of fancy from straws and kitchen pokers 
to the great earth itself. The earth is hot inside. On the average 
a mine gets hotter by about i® F. for every hundred feet it 
descends. We sec hot springs coming from the earth. Volcanoes 






PLATE II 



^ piece of Iceliuul spar (left) cleaved by taps with a knife-blade into four 
fKii»mcnts with sides and edges at the same angle. 



Hexagonal crystal of Ix'iyl. Cubic crvstals of lliiorspar(“MlLic-John’*), 
(by courtesy of the Director of the (by courtesy of the Director of the 

Natural Histoiy Museum, London.) Natural History MLiseum, Lorulon.) 



Microphotographs of snow crystals. All angles are multiples of 60^* 
(By courtesy of the McGraw Hill Company, from Bentley’s .Snow Crjsfa/s.) 
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belch out glowing lava. As far as we know there is not much 
heat being produced in the earth and as the inside is hotter than 
the outside, heat must be gently leaking out of it all the time. 
This and a good many other reasons make us think that the earth is 
slowly cooling down. Now suppose the whole earth got cooler 
by one degree centigrade — not a great deal — and suppose it only 
contracted as much as a piece of glass would — a low estimate. 

The earth is 8000 miles in diameter. On our estimate it would 
decrease in “length” by about eight milliontlis for each degree 

8 X 8000 X 1760 


centigrade, so that its diameter would get 


1,000,000 


yards or about a hundred and twelve yards less. Well, if the 
earth shrank evenly, no one would notice it. But suppose, while 
the inside cooled, the outside which remains open. to the sun 
and sky stayed at much the same temperature; from the fossil 
animals and plants found in ancient rocks, we know the tempera- 
ture cannot have altered much in many million years. The inside 
will have got smaller while the outside remained much the same 
size. The interior of the earth must fit the crust, so the outer 
crust crumples, and these crinkles have been thought to be 
moimtain ranges like the Alps. The crumpling is better under- 
stood if you look at an old man’s face. The flesh has shrunk 
but the skin remains the same size, so it has to wrinkle. The 
mountain ranges of the earth were thought to be the wrinkles 
on its aged face. This theory is by some considered to be in- 
sufficient to account for mountain formation. For reasons, further 
written of in Chapter XXXIII, they are inclined to think that a 
gradual drifting of whole continents has raised the Alps and 
riimalaya. 


CONDUCTION OF HEAT 

We have already taken for granted the fact that solids conduct 
heat; that is to say, if you heat one bit, it passes its heat on to the 
next. It is obvious that this will be so. The molecules of the 
hot part are moving quicker than the molecules of the cool part. 
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The speedy molecule will have more kinetic energy and will 
vibrate in wider swings and, therefore, will swing nearer the 
next molecules. It will attract and repel these and set them 
swinging more strongly and itself less strongly and this will go 
on till every molecule is vibrating just a bit more briskly than 
before. The heat has spread evenly all over the solid. C^ol a 
comer of the solid: the molecules are slowed down. The quicker 
moving molecules of the rest of the solid repel and attract these 
and so speed them up again somewhat. To speed the others up, 
they must slow themselves down. All the molecules finally go 
a bit slower and the whole solid gets colder. 

This is fairly easy to understand, but the difficulty is to 
explain why some solids conduct heat much worse than others. 
You cannot hold a metal cup of freshly poured hot tea in your 
hand without wrapping it in a handkerchief: a bakelite cup can 
be held quite comfortably. Why is it that the hot tea can pass 
on heat only very slowly through bakelite or earthenware and 
very quickly indeed through aluminium? The answer is that 
we are not sure. It is pretty certain that metals have some loose 
electrons in them: these, being very small, are speeded up very 
easily and run in between the metal atoms, colliding with them 
and speeding them up. The trouble about this is that the 
electrons do not seem to be heavy enough to do the job. 

Another theory is that the motion of the atoms in a metal is 
not just handed from one atom of metal to the next, but that the 
whole metal is moved by the heat and the motion travels on like 
a wobble in jeUy. Physicists are still arguing this with the help of 
horribly complicated mathematics. They find it pretty easy to show 
that none of the theories about conduction in metals is quite right, 
but they haven’t yet found out the whole truth of the matter. 

In engineering and ordinary domestic life, good conductors 
of heat — ^things that let heat through easily — and also bad 
conductors — things that let heat through only very slowly — are 
in demand. The best conductors of heat are metals, so we use 
metal for pots and pans and boilers and radiators, all of which 
are things through which we want heat to go. Pots and pans are 
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also made of metal because metal does not ctack when suddenly 
heated, whereas glass, china and many bad conductors do. If 
you pour boiling water into a thick tumbler, the inside of the 
tumbler expands at once. The outside is still cold and so the 
inside Jorcts it to become larger. Glass does not stand forcing, 
so the molecules lose their grip of each other and the glass 
cracks. Very thin glass stands rapid cooling and heating because 
the inside is so near the outside that the heat gets through almost 
instantly: for this reason, chemical apparatus is made of thin 
glass. Metals do not crack in this way, first because the heat 
spreads and evens itself out so quickly, secondly because strains 
bend them rather than break them. 

In domestic jobs we need bad conductors to enclose things 
which we want to keep hot or cold. Ordinary solids like china, 
stone or glass are not very efficient; they do not let nearly as 
much heat through as metal does, but they still pass a good deal. 
The worst conductor of heat is a gas, if it is prevented in any 
way from moving about. Look at Figs. 11-12. A given amount 
of gas has only about one molecule where the same volume of a 
solid has a thousand, and the gas molecules carry no more energy 
than those of the solid. Accordingly, a gas will not carry much 
heat. If a hot object stands in a gas, the hot gas flows up from 
it and new cold gas comes in from below. This cools it rather 
quickly; and so if we want to keep a thing hot, we surround it 
with a gas tangled up in a solid, and therefore unable to move 
far. If we pack a hot saucepan round with flannel or cotton 
wool or hay or crumpled newspaper, we are really packing it in 
the still air which these things entangle. “Hay-box” cookery 
was a good deal practised in the war of 1914 — 1918, when fuel was 
scarce. The food was heated to boiling and the saucepan was then 
put in a “nest” of hay and covered with a cloth, on top of which 
was more hay. The heat escaped so slowly that the food was 
cooked through before the water became too cool to cook it. 

Engineers are always trying to save heat. They spend good 
money on coal to turn water into steam to drive their engines 
and, since economical working is required, the heat must be used 
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for power and not allowed to leak away into the air. So engineers 
cover up their boilers and pipes with somediing diat does not 
conduct heat well. Things like cotton-wool or felt or flannel 
are inflammable, so they don’t use them but prefer asbestos 
fibre, which they mix with plaster of paris into a soft porous 
cement which can be packed round boilers, pipes or anything 
else. This non-conducting coating they call “lagging.” The 
most remarkable kind of lagging is crumpled aluminium foil, 
which most people call “silver paper.” The air-spaces in between 
the folds transmit hardly any heat. The aluminium itself is an 
excellent conductor, but the heat has to travel along its folds for 
such a long way and through such a very narrow passage, that 
hardly any gets away. 

Just as we use lagging to keep heat in things, we use it to 
keep heat out. If you want to keep ice from melting you wrap 
it in a blanket. A blanket stops your heat from getting out of 
the bed; it stops the ait’s heat from getting in to the ice. Re- 
frigerators are usually packed round with some porous material 
to keep the air’s heat out. One of the best things for keeping 
heat in or out is slag-wool — ^very odd stuff. Slag is chiefly the 
part of the iron ore which isn’t iron; it comes out of the furnace 
as a molten liquid which solidifies to a kind of opaque glass. If 
a jet of air is blown through the molten slag, it cools, becomes 
treacly, and blows out into long threads which when cool look 
rather like wool. It is very cheap, light, and non-inflanunable, 
moths and bugs won’t eat it, and it doesn’t go mouldy. It 
is greatly used for a non-conducting packing. The very worst 
conductor of heat is a vacuum. If a space was reaUy empty of 
gas molecules (it is never quite so) there would be nothing to 
carry the heat at all. A thermos flask is a double-walled vessel 
with a vacuum between the walls. A hot liquid in a thermos 
flask would never cool if it were not that, first, a little heat goes 
up the inside of neck and also through the cork; secondly, 
that a little heat goes out as rays which cross a vacuum as well 
or better than any other space; and thirdly, that even the best 
vacuum has a little gas left in it. 
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The silver on the thermos dask reflects most of the rays back 
into the liquid and emits very few of them. Consequently, the 
liquid in a thermos flask cools about twenty times as slowly as 
it would in an ordinary bottle. 

MELTING 

The first effect of heat on a solid, then, is to make it expand. 
But the speeding up of the molecules may have other effects too. 
The usual eflect of heating a solid is to make it melt. The mole- 
cules vibrate more and more rapidly and in wider and wider arcs 
as the material gets hotter. After a time, they vibrate so violently 
that they can no longer stay in the pattern of the lattice of the 
crystals of which the solid is made up and instead of a solid 
there appears a liquid. The solid is said to melt or fuse. 

Now, there are several odd things about melting. In the first 
place, a pure substance, like ke or soda, melts at an absolutely 
definite temperature. At a thousandth of a degree below o® C. 
ice is perfectly hard and solid; at a thousandth of a degree above 
o® C. it completely liquefies to water. It does not gradually 
soften like a candle in hot weather, but melts completely at one 
temperature. This is why we can speak of “freezing-point.” The 
temperature at which water freezes really is a point on the scale, 
not a range of two or three or more degrees. Of course all this 
does not mean that as soon as the thermometer (which shows 
the air temperature) gets above freezing-point all the ice suddenly 
melts. It begins to melt as soon as the surrounding air rises above 
o® C. and begins to warm it up. The unmelted ice stays at or 
below freezing point; as the air heats each successive portion 
above freezing-point, it melts to water. 

Now it is common knowledge that many things do not melt 
as sharply as ice. Butter when warmed gets gradually sloppier 
and sloppier till it becomes liquid; it docs not melt at any par- 
ticular temperature. The reason of this is (roughly speaking) that 
butter is a mixture of quite a number of diflerent fats and oils, 
all of which melt at different temperatures; consequently the 
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lowest melting ones get liquid first; sloppy butter is a mixture 
of liquid and solid fats. The matter is complicated by the fact 
that the solid unmelted fiits dissolve in the liquid melted ones 
as sugar dissolves in tea. The rule about melting points is that 
pure substances with only one kind of stuff in them melt suddenly 
and sharply as ice does. Substances made of several different 
materials usually melt gradually. The plumber takes advantage 
of this when he “wipes” a joint. A joint in a lead pipe (look in 
the bathroom) is made by putting the two ends together and 
wiping a pasty mass of half-melted plumber’s solder into a 
barrel-shaped lump around them. Now it would not be possible 
to use pure lead as a solder, for this is a thin liquid at 328° C. 
and quite solid at 327° C. Nor cotdd tin be used, for this is 
liquid at 232° C. and solid at 231® C. But the wily plumber mixes 
equal parts of lead and tin. This metal, “plumber’s solder,” when 
melted begins to solidify at 220° C. and is not hard till it has 
cooled to 180° C; so that the plumber has lots of time to finish 
wiping the metal into shape before it hardens. 

The melting-point and freezing-point of a pure substance is 
the same. Water is solid ice below 0° C. and liquid water above 
o* C. At o® C. itself both ice and water can exist. Accordingly 
a mixture of ice and water stays exactly at 0° C. If you try to 
warm it, it gets no hotter, for the heat is all used up in melting 
the ice; if you try to cool it, the heat which leaves the mixture 
is obtained by freezing some of the water. A mixture of ice and 
water is at a fixed temperature and if you want to test a ther- 
mometer you can stir crushed ice and a litde v/ater together for 
about ten minutes till they have had time to even up their tem- 
peratures. Your thermometer if stuck into this mixture should 
mark exactly 0° C. or 32® F. 

A mixed substance like butter or solder has no true melting 
point. The best figure to take is the temperature when the laU 
bit of solid turns into liquid. 

Solids melt at extremely different temperatures. The table 
which follows gives a chart of a few melting and boiling points. 
Starting at the bottom, we see helium. Helium atoms are very 
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A SCALE OF TEMPERATURES. 


Temperature in 
Degrees. 

Centigrade. Fahrenheit. 


Melts. 

Boils. 

3800 

6872 


Carbon 


3600 

63x2 



Carbon 

3500 

6}}2 

Arc Flame 



3}6o 

6080 


Tungsten 


2500 

433 ^ 

A Tungsten 





Lamp Filament 



2450 

4432 



Iron 

2400 

4330 

An Oxy- Acetylene 



2204 

4000 

Bessemer Furnace 



^955 

3582 



Silver 

1755 

3190 


Platinum 


1750 

3180 

Carbon Lamp 





Filament 


• 

1540 

2790 


Chromium 


1120 

2032 



Magnesium 

1062 

1944 


Gold 


961 

1762 


Silver 


903 

1660 



Zinc 

804 

1480 


Salt 


600 

1112 

A Bright Coal Fire 



445 

83J 



Sulphur 

419 

784 


Zinc 


M 7 

677 



Mercury 

327 

621 


Lead 


218 

400 



Naphthalene 

112 

239 

Hottest Room in 

Sulphur 




Turkish Bath i 



100 

212 



Water 


M 5 


Beeswax 


13 

60 

Average Room 



0 



Ice 


34 

-29 



Chlorine 

100 

148 

Coldest Siberia 



- Ii8 

- 180 


Alcohol 





Freezes 


-185 

.303 



Argon 

-218 

-361 


Oxygen 


-235 

-423 



Hydrogen 

-272 

-458 


Helium 


-273 


No Heat 




light in weight, and so the motion they derive from their heat- 
energy makes Aem go very fast. What is more, helium has a 
beautifully balanced atom with the positive nucleus almost 
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exactly centred in between its two outside electrons. The result 
is that one end of a helium atom is hardly at all more positive 
or negative than the other and so one helium atom hardly attracts 
die next at all. It follows that the helium atoms jostle about more 
rapidly than others and attract each other kss. Consequently, 
there is very little to keep them in their lattice and the slightest 
heat motion jogs them out. Solid helium melts at the extra- 
ordinarily low temperature of -aya® C., less than one degree 
above the absolute zero where there is no heat — ^that is to say, 
every atom and molecule is motionless. Absolute zero has never 
been reached, and it does not seem that we shall ever do better 
than approach it more and more closely. The lowest temperatures 
have been reachedbyutilisingthefact that certainsubstances become 
warmer when they are magnetised and become cooler again when 
the magnetic field is switched off. By cooling these substances 
in boiling helium while they are in the field of a magnet and 
dien switching the magnet off, the temperature is made to drop 
still further, and recently a new low record of only 0.0044 — about 
one two-hundredth — of a degree above the temperature where 
there is no heat at all, has been reached. Turning to the other 
end of the melting-point table, we can see carbon with small 
atoms closely bound together by electrons. We have already 
discussed the diamond on p. 48, so let us see why tungsten, the 
next thing on the list, melts at such a tremendous temperature. 
The reason is probably that, first its atoms are very heavy (46 
times as heavy as a helium atom) and are therefore not so much 
jogged about by heat; secondly, its atoms are small and so 
get close together and attract each other strongly; thirdly, it has 
an unsymmetrical arrangement of electrons and so some parts 
have more positive diarge and others more negative charge, 
which makes the atoms attract each other; and finally that a piece 
of tungsten is probably a giant molecule like diamond, though 
not such a strongly built one. All these reasons taken together 
show why tungsten melts at about 3360° C., and also why it 
does not release its atoms and turn into vapour at all easily. This 
high melting-point and small tendency to turn into vapour 
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gives us our electric light bulbs. The hotter you make a thing, 
^e less of the power you use to heat it comes out again as heat 
and the more comes out as light. An old-fashioned carbon fila- 
ment bulb had its filament at about 1750° C, a perceptibly 
“yellow” heat. It turned 99.44% of its electricity into un- 
wanted heat and only 0.56% into light. The tungsten lamp with 
a filament at z50o‘’ C. gives 1.84% of its energy as light and 
98.16% as heat. There is still room for improvement! 

You will say that carbon melts at 3 800° C. while tungsten melts 
at only 3360° C, why not therefore heat the carbon filament say 
to 3300“ C.? The reason is, that the carbon atom is light and 
though carbon will not melt, its atoms fly off as vapour at tempera- 
tures above about 1800® C. If a loo-volt carbon lamp is put on 
a 22o-volt circuit, the temperature of the filament* goes above 
2000° C. It gives a brilliant light and (if the fuse does not blow 
first) the filament evaporates, depositing black carbon on the 
glass. As it evaporates it gets thinner and in ten minutes or so 
breaks. Tungsten filaments, particularly in lamps filled with 
some gas like argon (which does not affect tungsten) hardly 
e\<ipotate at all. If anyone could find a lamp whidt turned all 
the dectrical energy put into it into visible light, it would divide 
everybody’s lighting bill by 53. He would make a gigantic 
fortune into the bargain. A few very effident lamps have been 
made, but they all give light of a horrid colour. In the mercury- 
vapour arc lamp, the current passes through a glass tube full 
of mercury vapour and makes it glow with a dazzling blue-green 
light which makes everyone’s face look a revolting and deathly 
colour. It gives four times as much light for the money as a 
filament lamp, but it cannot be used for interior lighting. Many 
arterial roads, railway stations, etc., are lighted by it and they 
are being rapidly developed and may soon rival the filament 
lamps. These and other electric lamps ate discussed in 
Chapter XV. 

Tungsten is rather rare and expensive to make. If we want to 
make ^ge things, such as furnace linings, which will stand high 
temperatures without mdting, we use fireclay, which does not 
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melt below 1500® C. — ^neat the melting>point of nickel. Foi 
higher temperatures still, we line furnaces with magnesium oxide 
stuck toge Aer with a li|tle tar, which in the furnace mms to carbon 
and then bums away. Girbon itself (as charcoal, coke or gas 
carbon) would be a perfect material for furnaces, for it is cheap 
and impossible to melt in any furnace. The trouble is that it 
bums away very quickly and it can only be used in a few electric 
furnaces where air can ^ kept out. 

CASTINGS 

Metals melt at aU sorts of diderent temperatures and one of 

the chief ways they are worked into shape is by casting them. 

Not every kind of metal is suitable for casting. Some like nickel 

flow rather sluggishly and do not fill the mould well, some like 

platinum or pure soft iron need 

too high a temperature to melt 

thein. Both pure metals and alloys 

— mixtures of metals — are used for 

castings. Of pure metals, that 

which is most used for casting 

lead — employed for ornamental 

_ > . <■ ,j gutters and cisterns and small 

Fig. *7. — A section of a mould ° i « /■ , 

aiianged for the casting of a sutues and also for apparatus used 

flanged piM.(Courmy, American for chemical work. Very big cast- 

mgs are not made or lead because it 
is rather heavy, rather expensive, and so soft tliat it bends with 
its own weight. 

Aluminium is very widely used. It melts at 657® C. and so is 
easy to cast. It is so light that it is very much used where neither 
great strength not great cheapness is more important than 
lightness. Aluminium is cast into crank-cases for motor cars; 
it is also used as sheets for motor car bodies and also very greatly 
for aeroplane parts. 

Gipper is not much used as castings, but is chiefly employed 
as sheet or wire. Pure iron melts at such a high temperature ^t 
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it is aeret cast — ^wrought iron is alwa^ forged, for casting would 
destroy the fibres (p. 54) which make it so tough. Gist iron and 
mild steel are the two metals most used for castings. Supposing 
a man wants to have a number of flanged pipes of a particular 
pattern made in cast-iron. He makes exact drawings of them and 
sends them to a pattern maker, who cuts out a full-sized model 
of the pipe in wood. The pattern goes to the moulders, who 
make a mould of the pipe by ramming round it a particular kind 
of sand containing some clay and often also some flour or 
treacle to make it bind. The mould is made in two halves whidi, 
fitted together, leave a hollow the exact shape of the pattern. 
The hollow centre of the pipe is arranged for, by a “core,” a 
cylinder of sand mixed with a little flour and baked hard. The 
whole thing is set up as shown in Fig. 27. A hole is left through 
which the molten metal is poured and several air holes are left 
to allow air and steam to get away. It is usual to pour in a little 
more metal than is needed and the projecting piece this leaves has 
to be cut off. The casting, when the mould is taken off, is rather 
rough. If the metal is to be painted, it may be smooth enough; 
if not, it is machined, that is to say turned to true and even 
shape by a lathe or milling-machine. 

Qst iron has the great advantage of expanding when it 
solidifies. The solid iron just after it has set is a tiny bit larger 
than the mould and so it forces itself into the smallest crevices 
and gives a very faithful impression. There are not many other 
metals which do this; the most important one is the rather odd 
metal antimony. You probably know the Japanese cigarette 
boxes of a grey silvery metal, cast with elaborate dragons and 
so on, in high relief. These are made of antimony. Antimony 
itself is of very little use except for making ornaments because, 
unlike most metals, it is brittle and a good knock cracks a casting 
in half. But, if we mix, say, 30% antimony with J5% lead 
and 15% tin, a white metal is obtained which is quite hard, 
melts to a very thin liquid and — ^like antimony itself— expands 
when it solidifies. This alloy is called type-metal and it is used 
for casting the types from which this and all other books ate 



76 Tie World of Science 

printed. It takes such a fine impression, that a piece the size of 
a capital E in this book, bearing an impression of the whole of 
the Lord’s Prayer, can be cast from a mould. 

SUBLIMATION 

Besides melting, there are two other things that can happen 
to a solid when it is heated. Instead of the molecules speeding 
up till they strike each otlier and knock down the regular pattern 
of the atoms of the solid, they may speed up until the attraction 
of the neighbouring molecules will not hold the outside molecules 
in their places. 

If you look at Fig. 28 you will see that the outlying molecules at 

the sur&ce of a solid are 
attracted by fewer molecules 
than attract those in the 
middle of the solid. If 
these outer ones waggle hard 
enough, they may pull them- 
selves out of range of the 

Fig. »8.--Showmg ttot the outetnwMt attraction of the others and 
atoms of a solid are held by fewer bonds . . 

of attraction than the inner ones. Sail away. 

Not many substances turn 
into vapour like this before they melt; the best known ones 
are sal-ammoniac and white arsenic. Camphor and iodine 
too turn into vapour very easily. If the vapour is allowed 
to get cold, it turns back into the solid, which often forms 
glittering crystals. This gives us a very good way of purifying 
these things. If sal-ammoniac is mixed with any sort of dirt 
which does not turn into vapour, we can put it in a covered 
pot and heat it up. The sal-ammoniac turns into vapour and 
leaves the dirt behind in the pot. When the vapour touches 
the cold lid, it turns back to a mass of pure white sal-ammoniac 
crystals. If you want to try a sublimation, put a little sal-ammoniac 
in a shallow round tin and stand this on a low gas-flame. The 
sal-ammoniac will soon give out a dense white smoke. Put a 




SoHds 


77 

saucer of water on the top of the tin, and the vapour will solidify 
(“condense”) on the saucer as a solid white cake. If you try this 
with camphor, use only a tiny flame, for camphor is inflammable. 

DECX>MPOSrnON BY HEAT 


There is one more possibility when a solid is heated. Its mole- 
cules may not stand ^e violent vibration and may split up into 
atoms or smaller molecules. 

A model of the molecule of glucose (a very useful kind of 
sugar) is drawn in Fig. 29 magnified about sixty milli on times. 
You can see it is made of six carbon atoms (black balls), twelve 
hydrogen atoms (white balls), some of which are out of sight at 
the back, and six oxygen atoms (grey balls). Of course, as was 
explained on p. 27, you could not possibly see thfe atoms, but 
the model shows you the shape and size and how the atoms are 
put together. 

This big molecule is not made for shaking about. 'When 

glucose is heated, it melts; the 



liquid when made sdll hotter becomes 
brown and then black and finally 
emits quantities of steam and leaves 
a black cindery mass of charcoal 
(carbon). What has happened is that 
the molecule has been shaken to bits: 
the hydrogen atoms and oxygen atoms 
have struck up partnerships and gone 
off as steam molecules, and the carbon 


Fig. 29.— a model of a glacosc atoms have been left behind probably 
molecule, magniii^ about linked together in a vague sort of 

of Messrs. Edward Arnold honeycomb pattern. Now glucose 

and Prof. Haworth, from the melts at 146“ C. and later “decom- 
latter’s Conttituhim of tb* ,, , , . ,7 . 

Su^s. poses as the chenusts call it 

But cellulose, the stuff in the 


cotton fibre, has a molecule like some 150 glucose molecules 
strung together. Cellulose cannot melt. Its molecule, a thirtieth 
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part of which appears in Fig. 370, is far too large to jostle about 
in the flippant style suitable to a glucose molecule. So^ when we 
heat cotton, it does not melt or turn into vapour but just dccom* 
poses. It goes brown, then black, and its molecules turn into a 
whole selection of smaller molecules with unpleasant smoky 
smells and leaves behind some carbon. Most substances with very 
big molecules do this. Wool, silk, the “keratin” of our hair and 
toenails, “albumen” of white of egg, all when heated turn brown 
and break up into simpler things, but do not melt or 
boil. 

You often hear people talk about sugar melting in tea or soda 
melting in water. This, to the scientist’s way of thinking, is 
incorrect. He keeps the word “melting” for a solid turning 
into a liquid when heated. He calls the thing which happens 
when a solid is mixed with a liquid and disappears into it “dis- 
solving.” Dissolving is quite a remarkable business and it is 
discussed on pp. 82-86. 



CHAPTER V 


Liquids 

THE FLUID STATE 

T he obvious difference between a solid and a liquid is that 
a solid resists attempts to change either its shape or its size, 
while a liquid only resists attempts to change its size. Try and 
push a well-fitting cork into a completely full bottle of water 
and you will quickly see that any attempt to make a liquid smaller 
in bulk will need a great deal of force; but the lightest touch of 
a hair is enough to move it through the water, so changing tlie 
water’s shape. Mind you, a liquid will not cliange its shape 
instantaneously. Dive flat off the 1 8-foot platform and you will 
at once see that water puts up a vigorous temporary resistance 
to an attempt to change its shape. But no liquid puts up a 
permanent resistance to a distorting force. Even a thick liquid 
like treacle will yield to the weight of the tiniest grain of sand 
and let it sink to the bottom in the course of minutes or hours. 
The reason of this is fairly obvious. A liquid, as we know, is a 
crowd of random jostling molecules: if anything presses steadily 
in one direction, however gently, it will elbow its way through 
the press. 

It is because the molecules in a liquid are moving that two 
liquids can mix. One of the first facts which struck the ancient 
scientific men of Greece as odd was that wine and water could be 
mixed. If a pint of wine and a pint of water were stirred together, 
the wine and the water each seemed to occupy the whole quart. 
This was one of the first reasons for believing things were made 
of tiny particles — atoms or molecules. Anyone could see that a 
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pint of peas and a pint of beans can be mixed, so it was natotal 
to suppose that other things which could be mixed — such as 
wine and water — ^were also made of little separate bits. 

DIFFUSION 


It was not found out till a good deal later that two liquids 
will mix even if they ate not stirred. Suppose you put a bottle 
of motor-oil in a jam jar, carefully filled this up with petrol. 



;ii- «««. 



Fig, 30 — Illustra- 
ting the di^sioa 
ofone liquid into 
another against 
the force of gra- 
vitation. 


put a screw-cap on to stop it evaporating, and 
kept the whole thing in a cellar where no diflkr- 
ences of warmth could cause currents in the 
liquids and thus make them mix. The oil is 
heavier than the petrol; one might think it would 
stay in its bottle. Not at all. Very, very slowly 
the oil finds its way into the petrol and the 
petrol into the oil, until in about a year the 
whole thing becomes the same all through, a 
perfectly even mixture of oil and petrol. 

This process of spontaneous mixing is called 
diffusion. If we think of the petrol as a set of aim- 
lessly moving petrol molecules and the oil as a set 
of aimlessly moving oil molecules, neither of 


which has any stronger attraction for their own kind of mole- 
cule than for the other kind, it is clear that they will soon mix, 
just as a crowd of dogs with white collars let go at one end of a 
field would mix up with a crowd of dogs with black collars 
released at the other end. 


But suppose one of the liquids has molecules which attract 
each other but do not attract those of the other liquid. Suppose, 
that we had put water in the inner bottle instead of motor-oil. 
Now water molecules attract each other (because one side has a 
different electric charge from the other side), and petrol molecules, 
lumbering but well-balanced af&irs, do not attract each other 
much, nor ate they attracted by water-molecules. Accordingly, 
if a water molecule begins to go into the petrol, nodiing pu^ 



lJq$udt 8i 

it on and the other water molecules pull it back. So water will 
not mix with petrol. 

Now suppose both liquids had molecules whidi attracted each 
other. Imagine we had put water in the inner botde and alcohol 
outside. A water mole^e venturing out would be pulled back 
by its fellows but pulled on by the alcohol molecules, with the 
result that its motion would carry it on and it would wander 
off into the alcohol. Thus they would mix. The rule then is: 

If liquids A and B have molecules which attract their own 
kind and the other kind but feebly, they mix. 

If liqmds A and B have molecules which attract their own 
kind and the other kind strongly, they mix. 

If either liquid A or B has molecules which attract their own 
kind much more strongly than the other kind, they -do not mix. 

You might think from this, since oil and water form two layers 
which won’t mix, we might put together a dozen different liquids 
each of which preferred its own molecules to any others and get 
a vessel with a dozen different layers of liquid like a pile of 
biscuits. Well, we can’t. The best that can be done is four 
liquids that will not mix, and you can do that yourself. Take an 
ounce each of petrol and water in a corked medicine bottle and 
add crystals of carbolic acid (phenol) a little at a time until, 
after shaking, the liquid settles into three layers. Pout in a little 
mercury, if you have it, and you will have four liquids, the top 
one petrol, the second water with a certain amount of phenol 
and a little petrol dissolved in it, the third liquid phenol with a 
little water and petrol dissolved in it, and the fourth mercury. 
Cork the bottle and shake it till the whole thing looks like a 
single milky liquid, and the separate droplets cannot be seen. 
Leave it a few hours and the four layers will sort themselves out 
againi ^late V.) There ate three main classes of liquid from the 
point of view of mixing. 

The first contains the all-important water, and some less 
important liquids like prussic acid. These all mix with each other, 
for they attract both their own and other molecules rather strongly. 

The second class contains liquids like petrol, chloroform. 
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ether, benzol, oils, etc. These all mix with each other because 
they neither attract their own molecules nor any other liqmds 
with any vigour. 

But the first class will not mix with the second. A few liquids 
can mix with both classes: these have molecules with moderate 
attractions for each other: alcohol and glycerine are good 
examples. 

In the third class are'liquid metals. Mercury will not mix with 
any liquid except a molten metaL Some molten metals will not 
mix. If you melt some lead and zinc together and let the liquid 
cool slowly, the zinc will all float to the top and the lead will go 
to the bottom. On the other hand, gold and silver, or copper 
and zinc, mix perfecdy. 


SOLUTIONS 

Something of the same notion applies to the dissolving of a 
solid in a liquid. Everyone knows that if you put a piece of 
sugar in a glass of water and stir it, the sugar disappears. It is 
still there, however, because the liquid weighs as much as the 
sugar and water did before, because it tastes like sugar and 
because, if wc let the water dry up, the solid sugar is left behind. 
Everyone also knows that if you drop into water a piece of flint 
or wax, it will stay there for ever without any change. If we had 
a glass of petrol, the sugar would not dissolve — most motorists 
know of the dirty trick of putting a car out of order by putting 
sugar in the petrol tank in order to choke the jets. On the other 
hand, the wax would dissolve easily. If we imagine (and it is 
true in a certain sense) that solids turn into liquids when they 
dissolve, we find that much the same rules as apply to the mixing 
of liquids apply to the dissolving of solids. There are the same 
three classes: first, water which dissolves “salts” (compounds of 
metals and acids, like soda, table-salt, copper sulphate, Epsom 
salts, silver nitrate and so on), and many things which have in 
their molecules some group of atoms whidi attracts water- 
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molecules (caustic soda, cane sugar, glucose, gums, white of 

egg)- 

The second class of liquids — ^things like petrol, ether or benzol 
—do not dissolve the above things at all, but they do dissolve 
things like waxes, naphthalene, camphor, sulphur, which water 
does not dissolve at 

In the third class is mercury, which dissolves almost all metals, 
but nothing else. 

The dissolving of solids and mixing of liquids is of course of 
tremendous importance. To start with, we couldn’t live without 
it. We convert all our food into simple substances which 
dissolve or mix with the blood which carries them to the part 
of the body where they ate wanted. The whole working of the 
tiny cells of which the body is made up is an aflair of solutions. 
The most perfect way of mixing two ^ngs is to dissolve them 
in the same lot of liquid, and chemists, who ate always making 
new things by making something influence something else, almost 
always dissolve the things which they want to affect each other 
in the same lot of liquid. A very homely example is found in 
Fruit Salts. These are a mixture of a harmless acid (say tartaric 
acid) with sodium bicarbonate and something with medicinal 
properties, say, magnesium sulphate. Now a bit of solid tartaric 
acid, however tiny, is made up of tartaric acid molecules all 
arranged in a regular pattern. Sodium bicarbonate is also a 
regular arrangement of sodium, hydrogen, carbon and oxygen 
atoms. These also stick firmly together in their lattice and so 
the tartaric acid molecules and sodium bicarbonate molecules 
remain separate and cannot touch each other. Two grains in a 
powder never really touch: there is always a film of air keeping 
them apart and so they do not affect each other unless they turn 
into liquid or vapour. 

Now stir the fruit-salt into water; the tartanc acid molecules 
are attracted out of their lattices by the water molecules and so 
are the sodium bicarbonate molecules. They all move freely 
about among the water-molecules and very soon meet and 
collide. The two molecules then re-assort Aeir atoms and 
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produce a molecule of a new substance, sodium tartrate, which 
remains dissolved in the water, and a molecule of the gas carbon 
dioxide. Water-molecules do not attract carbon dioxide mole- 
cules much; so they go off, meet their fellows and appear as 
bubbles of gas. In the same sort of way, thousands of kinds of 
stuff, which do not afiect each other while solid, produce all sorts 
of new materials when they are mixed as liquids (i.e., either 
dissolved or melted), or as gases or vapours, the molecules of 
which, like those of liquids, continually collide. 

Another use of solutions is to give an easy way of measuring 
very small quandties accurately. A doctor wants to put one two- 
thousandth of a gram of die very poisonous atropine in an eye. 
Now it is not easy to weigh out ^^00 of a gram (it is about a 
hundredth of the weight of a drop of water), so he weighs out 
a gram of atropine and dissolves it in 100 c.c. of water and sdrs 
it well to mix it. Now, he knows that 20 drops of water make up 
I C.C.; his gram of atropine is evenly distributed over 2000 drops, 
so each drop gives him ^20^00 of a gram. Drops are not quite 
the same size, but even if the eye got two drops instead of one, 
it would not be perceptibly the worse. 

Finally, by dissolving a thing in a liquid we easily separate it 
from the things that do not dissolve, and this is the chief method 
that the chemist uses to separate the drugs he requires from the 
crude materials which contain them. 

Take as an example the substance caffein, used in headache 
powders, etc. Tea contains about 4% of caflfein, and so we make 
the drug from tea-dust, which has no value for drinking pur- 
poses. This tea-dust is boiled with alcohol. This dissolves the 
calFcin and also the tannin — ^the stuff which gives “stewed” tea 
its harsh taste — but leaves the fibre of the leaf behind. Next, 
we strain off the alcohol with the caffitin and tannin in it and add 
to it a chemical — lead acetate — ^which turns the tannin into 
something which will not dissolve in alcohol, and which therefore 
appears as a solid “precipitate” or mud. The muddy liquid is 
filtered — ^i.e., strained through a sort of fine blotting paper — and 
a solution of caffein in alcohol is left. This is evaporated and as 
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the alcohol departs the caffein turns into crystals. These crystals 
ate not quite pure, so we treat them as alum was treated on 
p. 40. We dissolve them in a little boiling water and let the water 
cool. The water when cold dissolves hardly any cafFein, which 
therefore comes out as crystals. The impurities remain dis- 
solved in the water. This process is a very common one for 
making chemicals from plants. Quinine is extracted from 
dnchona-bark and morphine from opium, by variations of this 
process. 

Finally, almost everything is cleaned by dissolving out the 
dirt or the sticky or greasy stuff that holds the dirt on. If the 
dirt is just adhering to the material, any liquid will wash it away 
by friction, but it often sticks to a patch of grease or a sticky 
(sugary) patch. If grease holds the dirt, petrol or much better a 
non-inflammable liquid of the same class as grease will dissolve 
it away (chloroform or carbon tetrachloride will do very well: 
“Thawpit” is a liquid of this type). If sugar sticks the dirt on, 
petrol is useless and water is the thing. The use of soap as a 
cleaner is discussed on p. 631. 

An odd thing about dissolving a solid in a liquid is that you 
can only dissolve so much and no more in a given quantity of 
liquid. Thus a pint of water at the temperature of a very hot 
bath (11 a” F.) dissolves four and a quarter pounds of sugar and 
no more; a pint of cold water (j o® F.) will dissolve only two pounds 
five ounces. 

The reason seems to be that a solid substance dissolves because 
the water molecules pull the molecules out of the lattice more 
rapidly than the molecules left in the lattice pull the dissolved 
molecules back. But when there is a good deal of soUd in the 
water, the water molecules attract it instead of attracting fresh 
solid molecules from the crystal, so the attraction on the un- 
dissolved solid gets weaker and weaker; and when the solution 
has a certain proportion of solid in it, the crystal pulls the mole- 
cules in from the liquid as fast as the water pulls them out of 
the crystal and so no mote dissolves. We then say the solution 
is saturated. Suppose we heat this solution and solid. The solid 



86 The World of Same 

molecules in the ccystal vibrate more quickly and more vddely; 
accordingly, they travel further from each other’s attraction and 
are more easily pulled out by the water molecules; consequently, 
more solid dissolves. It is almost always true that more solid 
can be dissolved in a hot liquid than in a cold one. The ex- 
ceptions are not one case in ten thousand and probably have 
some quite sensible explanation. 

If we cool a saturated solution, the water cannot retain all the 
solid against the pull of the molecules in the crjrstal. The mole- 
cules go to the crystal lattice and the crystals grow. Suppose, 
however, there isn’t a crystal there to pull, but just a saturated 
solution. Very often crystals appear on cooling it, probably 
because molecules of solid happen to meet, and form a tiny 
crystal which then grows. Sometimes, however, no crystals appear, 
and the cold liquid is then said to be supersamrated, by which 
we mean that it is a far stronger solution than we could have 
made by dissolving the solid in the cold waterl A good ex- 
periment is to take some hypo and just wet it. Put it in a tumbler 
stand this in hot water, and stir it until all the solid has gone. 
Then pour it while hot into a clean warm tumbler, cover it 
with a sheet of paper and let it cool. Don’t disturb it. If all 
goes well, no crystals appear. Now tie a piece of solid hypo 
to a piece of cotton. Dip it for a moment in water and ^en 
lower it into the cold ‘supersaturated’ solution of hypo. In- 
stantly it will begin to grow, and long spiky crystals will grow 
out from it every way. Pull it out, and the liquid will stay liquid 
as before. This e3q)eriment is not very easy, but is worth doing, 
for it shows what is meant by a supersaturated solution and 
also gives the vividest example possible of the way a crystal 
grows. 

People have written large books about solutions: but we have 
all Science to glance at, and must return to the peculiar ways in 
which liquids behave. 
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LIQUID SURFACES 

One of the first and most obvious properties of a liquid is 
that it has a level and flat surface. This is not really quite true. 
A rather more accurate way of speaking is to say that a liquid’s 
surface is so arranged that it is at right angles to the force pulling 
on the liquid. If ihe only force affecting the liquid is gravitation, 
which pulls toward the centre of the earth, the surface of the 
liquid will everywhere be at right angles to a line drawn from it to 
the centre of the earth: a little thought will show that the surface of 
a liquid will be a bit of a sphere of ^e same size as the earth. Well, 
that is flat enough for ordinary purposes. Consider a swimming 
bath which is 50 yards square. The centre of this is one six- 
hundredth of an inch higher than the edges — not “a very great 
difference from complete flatness. The fact that the surface of a 
liquid is level has been used for a good many purposes. In 



Pig. 31. — Illustiating the use of the water level — an instnimcnt 
which is now obsolete. 


engineering jobs, it is often required to make a road or a railway 
track or some otlier object flat and level. The oldest instrument of 
this kind (actually used by the Romans) was a “water-level.” It 
was a long tube such as is illustrated in Fig. 31. If one plants a 
stick and looks along the two water surfaces and sees them in line 
with a mark on the stick at the same height as the instrument, then 
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Fig. 32. — Use of mcrcuty as an attiiicial horizon. 


the bottom of the stick must be level with the place where the 
“water-level” is standing. As a second example may be taken the 
use of mercury as an “artificial horizon.” In surveying, it is 
reqtiired to measure (usually with a sextant) the angle between the 
sun and the horizon at a known time. The true horizon, the 
edge of the field of view one would have if the earth were quite 
fiat, is usually invisible on land owing to trees or hills . But 
if one measures the angle, S^AR, between the sun and its refiection 
in the level surface of mercury (which would, if continued 
indefinitely, cut the horizon), it is easy to see from the figure that 
this angle must be exactly twice the angle, SBH, between the sun 
and the horizon. 

The reasonjwhy water is level is pretty clear. Suppose one 
bit was higher than another. Then, tmdemeath it there would be 
a bigger pressure than in the part of the liquid next door to it. 
The higher pressure liquid would push the lower pressure liquid 
away and would come down in doing so. This would only stop 
when no part of the liqtiid was higher than another, i.e., when it 
was level againl Another simpler way of looking at it is this. 
Suppose the liquid was not level. Then, however slight the 
slope was, the molecules would run down hill till they filled up 
the hollows. But water surfaces are not always level. Look at 



Liquids 89 

the edge of the water where it 
meets the side of your teacup: 
look at a drop of water on a greasy 
plate: look at the sea: look at 
tea climbing up a lump of sugar. 
Well, in all of these cases 
another force beside gravitation 
is influencing the water, which 
gets into the position where its 
surface would be at right angles 
to a force equal to all the forces on 
it. Stir your tea. Its siuface goes 
isapataboloid. ^ shape like that in Fig. 55. 

The “centrifugal” force (p. 165) pulls the tea sideways. Gravita- 
tion pulls it down and the two forces are equal to em force 
pulflng at a certdn angle between them. The liquid sets itself 
at right angles to this one force. 

VISCOSITY 

While liquids will always yield to a force which tries to change 
their shape, some liquids yield much more easily than others. 
Suppose we fill 7 tall jars with ether, petrol, water, paraffin-oil, 
olive oil and glycerine and “solid” pitch respectively, and drop a 
steel ball (say a bicycle bearing) into each. If it takes a second 
to reach the bottom of the jar of water, it will take only a third of a 
second to drop through the edier and a trifle longer to fall 
through the petrol. It will reach the bottom of the paraffin-oil 
in two and three-eighth seconds, of the olive oil in eighty seconds, 
of the glycerine in twelve and a half minutes, and of the pitch^ in 
about 10,000 years. 

We describe the difference by saying that ether and water are 
less viseous than glycerine and pitch. A very viscous liquid is what 
we call a “thick” liquid and a slightly viscous liquid is what we 
call a thin one. It is important to know the viscosity of an oil 
^ Pltdb Tides s gieat deal b viscosity. 
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which is to be used for lubricating. For watches and delicate 
machinery, a thin oil is wanted: for heavy machinery and for 
lubricating surfaces on which great pressure is to be put, a more 
viscous oil is needed. As a matter of £iict, it is not by any means 
only the viscosity of an oil that makes it a good lubricant. Gly- 
cerine and castor oil are just about equally viscous, but glycerine 
is of very little use as a lubricant, while castor oil is excellent. The 
quality needed in a lubricant is the power of forming a film 
which sticks firmly to the metal of the bearings and whidi is 
not easily broken, and it would seem that the molecules of the best 
lubricants are attracted by metal surfaces in this way. All oils 
have long molecules and these perhaps get tangled together and 
are not easily forced apart by pressure. 

One of the easiest ways to measure viscosity is to let the liquids 
(at a known temperature) flow out through a long fine tube; the 
longer it takes for, say, lo cc. to flow out, the greater the viscosity. 
Hot liquids are much less viscous than cold. Six pints of boiling 
water will leak through a given hole in the same time as one pint 
of cold water. For this reason, a leaky car-radiator loses far more 
water when hot than when cold. 

SURFACE TENSION 

One of the most interesting things about a liquid is tlie way it 
behaves as if it was covered with a stretched elastic skin. There is 

really such a skin on the 
surface of a liquid, but it is 
made of the liquid itself. 
Tliink of a molecule of 
water in the middle of a 
drop of water. There are 
molecules above it, below 
it, and on every side of it. 

Fig. }4. — molecules at the sarbce of a Their attractions are all 

Uouidam attiac^ inward and toward ea^ pulling on the molecule in 

Other and therefore behave like an elaatic i./v ® i 

ftkio. difterent diiectioas, and ac- 
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cordinglythe pulls all cancel out and the molecule goes where it 
likes. But, at the surface of the drop, the molecule is pulled by 
other molecules inside the liquid and at the surface and on each 
side of it, but by none outside the liquid. It follows, then, that the 
sur&ce of the liquid is being pulled sideways and inward exactly 
like a piece of the stretched rubber of a toy balloon. The surfece 
molecules cannot relieve the puU by going inwards because 
there must be some at the surface, nor by going sideways because, 
wherever they go on the surface, there will be just as many 
neighbours to pull theml 

So we can think of every liquid as having a “surface tension” 
in consequence of which it behaves as if it was covered by a fine 
rubber membrane. It is not very difficult to show this is true. A 
steady hand will float a needle on water. The weight of the 
needle is not enough to force the surface molecules apart and let 
the needle through. Some insects make a living by surface 
tension: the whirligig beetles which rush merrily in circles on 
the surface of ponds can walk safely on the surface of the water 
without danger of putting a foot through. But a rather bigger 
inspft is in great danger from water. Let it once put a foot 
through that treacherous skin and it will not get it out. It cannot 
break the invisible film of tugging molecules which clings to the 
wet leg. Its struggles break the fihn in other places and the dead 
insects floating on any pool tell the story. Some things are easily 
wetted by water (presumably because their molecules attract 
water molecules). Other things like oils and waxes are not. If 
water is scattered on a greasy surface, it does not wet it: the 
elastic film contracting makes the water drop’s sur&ce as small as 
possible, while the weight of the water pulls it as near the earth 
as possible. A compromise is reached by making a sort of bun- 
shaped drop. Mercury does not wet anything except metals, so 
when it falls it always forms drops. It has a very powerful 
surface tension, so these, if small and light, are almost perfect 
spheres. Plate III shows a microphotograph of mercury drqps 
made by pressing a bigger drop with a finger tip. A hair is 
put beside the droplets to show their size. 
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For the same reason, small bubbles are sphericaL No one ever 
saw a square bubble, but very few of us ever wonder why they are 
round. The outside of a bubble under water is a surface film: a 
soap bubble has two such films. These films try to contract and 
get as small as possible, and so they mould the gas within them 
into the shape which has the smallest surface for its size. Large 
bubbles under water are bun-shaped because the pressure of 
water on the bottom of them is greater than the pressure on the top. 

Another striking way of showing this surface tension is to mix 
alcohol and water until a liquid is obtained which is just as heavy 
as the same bulk of olive oil. Olive oil will not float or sink in 
this. If olive oil is gently run into this liquid through a fine tube, 
it stays suspended in the liquid, neither floating nor sinking. 
The tension of its surface molecules, then, has no other force to 
disturb its action and the oil forms a great golden transparent 
and perfectly spherical drop. This experiment and many others 
were performed under the direcdon of J. A. F. Plateau in 187$. 
He never saw them, for he went blind more than thirty years 
before. The falling drop in Plate IV, is made of a mixture of 
aniline and benzene. It is just heavier than water and so falls, 
flattening itself slightly, but sdll forming a huge drop about an 
inch in diameter. 

Liquids vary a great deal in surface tension and there are many 
ways of measuring this. We can measure the pull needed to bring 
a strip of metal out of the liquid: more easily we can measure the 
size of the drops the Uquid forms when it falls from a jet. A 
liquid with high surface tension can hold a bigger drop together 
on the end of a tube than can a liquid with small surface tension. 
If the drops are weighed, the surface tension can be calculated. 
'Hie easiest way of all is to see how &r the liquid will run up a very 
narrow tube — but more about this later, llie surface tensions of 
diousands of liquids have been measured. Water has a rather 
strongly pulling film — about three dmes as strong as alcohol — 
but the really exceptional case is mercury, the surfiu:e tension of 
which is seven times as great as that of water. This is why 
mercury so easily forms globules and also why it is almost 
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impossible to get a bubble of mercuty — the pull breaks the film. 

Small amounts of foreign substances make a vast difference to 
the surface tension of a liquid. Everyone knows the “camphor 
boats” which are sold. A very light and small toy boat has a little 
bit of camphor fastened to the back. When it is put in water it 
swims sedately along and will go on for many hours. If you take 
a bit of camphor and scrape a few grains of it into some clean 
water, you will see the grains swim round and round till they 
have disappeared. 

The reason for this is that the camphor dissolves more in one 
place (e.g., a corner) than in another. Now camphor lowers the 
surface tension of water, and so the part where the most camphor 
is dissolving is less pulled by the water than the rest. So, the 
camphor is pulled by the surface film away from the part where it 
is dissolving most quickly. A film of oil lowers the surface 
tension of water and therefore, in water with a film of grease on 
it, camphor will not move. If you rub your finger on your head 
(if you use hair-oil) and touch the water surface, the camphor 
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Fig, 35. — ^The soap molecule (actually an ion), 
(About 30,000,000 times magnified.) 


stops. A film of a millionth of a centimetre thick will do this: it is 
probably a single layer of bulky oil-molecules. 

These thin films are very interesting, and they are most easily 
studied by the help of soap films and soap bubbles. 

A solution of soap gives very stable and durable bubbles — a 
“lather” is what we expect from a soap. The soap-molecule is a 
long snaky aflair with a group at one end which has an electric 
charge, and therefore, a strong attraction for other molecules. 
JS soap solution has a very low surfece tension, and consequently 
the pull of the stretched film is not enough easily to break it. 
The film is a layer of water sandwiched between two layers of 
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soap molecules. The soap molecule is like a snake, its head being 
an electrically charged group whicb is attracted to water ^ its tail 
being an “oil-like” group which is not. The attraction makes 
the film a strong one: it can be stretched because the water 
contains reserve soap molecules, ready to fill up any gaps. 

-Oily **tail8*’ of soap ions, not atctacted by 
water. 

-Negatively charged heads of soap ions 
attracted by water and the positive metallic 
ions ^ 

-Water molecules (dotted) and positive sodium 
ions and spare soap ions 


Fig. 36. — ^Thc soap film. 

The best easily-compounded mixture for making soap films 
was invented by Professor C. V. Boys, who made a considerable 
study of these and wrote a book {Soap Bubbles and the Forces which 
mould them'. S.P.C.K.) full of interesting experiments and pictures 
of them. He recommends a mixture of pure soap, water and 
glycerine. This can be bought ready made: however, by dissolv- 
ing a three-quarter inch cube (about quarter oz.) of castile soap 
in half a pint of hot rain-water or distilled water, stirring in two 
ounces of glycerine and letting the mixture cool in a clean corked 
bottle, a very good substitute is obtained. Ordinary yellow soap 
may be used instead of Gistile soap, but most toilet soaps are not 
so good. With a bottle of this and some wire frames we can find 
out some interesting things about soap films. The beautiful 
colours we will leave till we study light waves (p. 470). It is the 
shapes that will interest us now. First of all, we can show that a 
soap film pulls. Plate IV, A, shows a soap-film supporting a 
weight of o.j grams. As soon as the film breaks, the thread and 
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weight drop. It is only the pull of the suf&ce films that hold them 
up. In Plate IV, B, a heavy wire hangs by two threads. The soap 
film, stretched between them draws them together raising the wire. 

Another good way of showing this is to make a film on a wire 
ring and drop a loop of fine silk (wetted with soap solution) 
uponit. Prick the film with a hot wire. It breaks; and the pull of the 
outer film makes die loop into a perfect circle (Plate IV, C, D). A 
sharply curved film presses more strongly on what is inside it than 
a less sharply curved one. Suppose we blow two soap-bubbles on 
the ends of a tube and then connect them by a tap. One is 
bound to be a little smaller and therefore more sharply curved. 
Its pressure will be higher than the other and so the air will flow 
from it to the other. This makes the little bubble smaller and its 
pressure therefore still higher, and the small bubble consequently 
blows up the big one. Another curious thing is that you cannot 
get a bubble shaped like a sausage. If a cylindrical soap-film is 
more than about three times as long as it is broad, one end 
swells and tlie other shrinks and it bursts. 



F'G. 37. — thin rub- 
ber bag, filled with 
water, taking the 
form of a drop. 


It is only the surface film on a liquid which 
causes it to form drops. In a drop, we have 
the weight of the liquid pulling down and the 
tension of the film pulling up. 

Fig. 37 shows how a thin rubber bag full of 
water takes the same shape as a drop. Watch a 
drop gathering and falling. It begins like 
Plate IV (a), it then gets longer (b), develops a 
waist (c) and drops. The actual dropping is 
too quick for the eye to follow, but an in- 
stantaneotis photograph shows tliat a tiny 
droplet (d) forms between the main drop and 
the liquid left behind. This droplet is the 
remains of the “waist.” The drops in Plate IV 
are of a mixture of aniline and benzene. This 
being only just heavy enough to sink in water 
forms large drops which fall very slowly. 

Everyone has noticed how a drop of water 
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&lllng into water seems to shoot up again. It is very noticeable 
in a heavy thunderstorm and gives the impression that the 
rain drops are bouncing off the road. This is quite one 
of the most peculiar of simple happenings. It cannot be 
exactly explained but is almost entirely an effect of surface 
tension. In Plate V is illustrated high speed cinema films of 
drops of water falling into water, showing every stage of the 


process. 

Try dropping drops of milk into tea which has just been 
poured out and you will get a blurred impression like all the 
photos on top of each other: but you will be able to see that the 
photographs of Plate V are real. Another very pretty pheno- 
menon can easily be seen if you gently turn the tap off until the 
thin smooth stream of water begins to break up and give a 
quivery beaded effect. You can see here that something odd is 
happening too quickly for the eye to appreciate. What has really 
happened is that the tension of the surface film squeezes the 
stream into w'aists and finally into a stream of big and little 
drops. 

A curious result of surface tension is that a liquid tends to move 

along a tube made of some material 
which it wets. If we dip a number of 
glass tubes in water, the water rises in 
them for a certain distance and finally 
stops with its surface set in a curve 




Tig. ^8, — Shape of a liquid 
sumce in a narrovt^ tube. 


which we call a “meniscus.*' The 
narrower the tube is, the higher the 
liquid rises and the sharper is the 
curve. The simplest eq>lanation of 
this is not very simplel Think of a 
water molecule (Fig. 38 A) in the 
surface and away from the wall of the 
tube. It is pulled sideways and down- 
ward by its neighbouring water- 
molecules. The pull on the surface is 
downward and as a liquid (p. 87) 




Steel containing carbon heated to i ooo^' C. and quenched in iced water, 

showing crystals of compounds of iron and carbon (X i,ooo). (By courtesy 
of ^^css’■s. (Charles Grillin & C^f)mpany, Ltd., from Roberts-Austen’s 
hi/rodtictron to the Study oj Metallurgy,) 
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always keeps its surface at tight angles to the pull on it, the 
surface stays flat. Now think of a surflice molecule near the 
glass walls. It is pulled to the left by water molecules, 
to the right by glass molecules and downward by water 
molecules (Fig. 38 B). Now glass molecules attract water 
molecules more strongly than these attract each other, so the 
water molecule is pulled to the right harder than it is pulled to the 
left; so the total pull made up of right, left and down is a strays 
pull (Fig. 38 C). The liquid sets itself at right angles to this. 
Hence the curve. It is easy to see that the nearer the molecule is 
to the glass, the more it will be attracted and the steeper the curve 
will be. Fig. 38 (E) shows the exact shape of the surface of the 
water in a tube of one-twelfth inch bore. 

The consequence of this is that the water hangs on to the glass, 
and the curved elastic surface, in trying to straighten itself, pulls 
upward (Fig. 38 D). Something must balance the puU and the 
only thing that can do it is the weight of the water. So the water 
goes up the tube till its weight pulling down balances the curved 
pulling up. The narrower the tube, the sharper the curve 
and the bigger the upward pull as is illustrated in Fig. 3 8 (G). 

Fig. 38 (F) shows what happens when a narrow glass tube is 
pushed into mercury which it does not wet. Remembering that 
mercury molecules attract each other more than they attract glass 
molecules, it may amuse you to figure out why it gives a convex 
curve and goes down the tube. 

A great many things follow from this. Any porous material 
like lump-sugar, blocks of salt, chalk, sand, earth, cloth, etc., may 
be thought of as a mass of interlacing tubes, and water or any 
other liquid that wets them will rise through them to a certain 
limited height, depending on the size of the crevices (the smaller 
the higher) and the attraction of the liquid for the solid. 

Water does not rise at all in a heap of stones, but if a heap of 
sand stands in a puddle, it becomes wet several inches up. Hang 
up a strip of blotting paper with one end in ink. The ink rises up 
it, and if the strip is long enough you will see that it stops rising 
after a time. This height varies both with the porous materid 
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(try a piece of sewing cotton instead of the blotting paper) and 
also with the liquid. 

Not so very many years ago, paraffin oil had not been invented 
and our Victorian ancestors burned in tlieir tamps colza oil, made 
from the seed of rape, a sort of wild cabbage. Vegetable oils have 
poor “capillarity” — as we call this power of rising k a tube — and 
so when the oil had sunk a little in the reservoir, it would no 
longer ascend the wick and the flame began to sink too for lack 
of oil. So lamps were made with very flat wide reservoirs so that 
the use of a little oil should not lower the level much (an elaborate 
clockwork arrangement was sometimes used to raise the level). 
Paraffin, a mineral oil, has much higher capillarity and rises up 
quite a tall wick without difficulty and the modern lamp has no 
need for a flat reservoir. The sauce-boat shape of the Roman 
lamp was necessary too, becavise of the poor capillarity of the 
olive oil they burnt. So many things depend on capillarity 
that there is only space to list a few of the most familiar. 
The wick of a candle, a bath towel, the rising of damp in a wall 
(a layer of non-porous pitch — a “damp-course”— stops it), 
moisture rising to the surface from water beneath the soil, the 
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absorption of sweat by clothes, are just a few of the everyday 
things which depend on capillarity. 

Why can’t we use this capillarity to do some work? Suppose 
a tube was constructed as in Fig. 40. Wouid not the water rise 
up it, drop out of the end and, falling back, drive a little 
wheel, so giving a perpetual motion? No, 
alas, for as soon as the water surface 
reaches the free end of the tube it ceases to 
be hollow, and once a drop begins to form 
there is no longer a pull up the tube, for the 
' bulging elastic “skin” of the drop gives 
a push down. The liquid simply settles 
wXfof no^ “Self SO that its surface curve just pulls the 
thiiig by a perpetual liquid hard enough to keep it where it 
is. The same objection applies to any 
way of pumping liquids by surface tension. 



HOW FLUIDS FLOW 

Liquids a.nd gases ..re distinguished from solids by the fact 
that they flow. They can be pumped through pipes, and you have 
only got to look at a hole in the road in London to realise how a 
modern town is strung on a network of pipes, main-water, 
sewage, high pressure water (for hydraulic machinery), ordinary 
gas, high pressure gas for street lighting; while in America 
steam is often laid on as well. You might think there was nothing 
very much to know about flow through a pipe; you pump it in 
one end and it comes out of tlie otherl But pumping takes power 
and power costs money, so it is at least necessary to see that all 
your power goes to moving the water. If water is pumped slowly 
through a pipe, it moves in an orderly way, every part going 
straight down the pipe. The water moves quickest down the 
nokldle because friction with the sides slows it up. If the water is 
speeded up beyond a certain point, the flow suddenly becomes 
turbuUat, pipe becomes full of eddies and a great deal of 
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Fig. 41. — Showing stream-line flow 
(above) and turbulent flow (below). 


energy is 'wasted in simply 
stirring up the water. This can 
be seen in water flowing along a 
wide glass tube if a little coloured 
water is introduced. (Fig. 41). 
The water goes in a straight 
stream until the speed of the 
water reaches a certain value, 
when it suddenly starts to twist 
and turn and eddy. 

A great deal is heard of 
streamlining nowadays. A 
streamline is defined as a line 
drawn so that it ever3rwhere 
points in the direction in which a 
liquid or a gas is flowing. Now 


one of the most important 
things you can do with a liquid or a gas is to move things through 
them. Engineers are spending time and business men mints of 
money in pushing ships through the water, and aeroplanes and 
motor cars through air. 

Now, the only thing a ship is doing is thrusting itself through 
water and air, so any study is valuable which can enable us to find 
out the shape of the ships which need the least force to push 
them through water. The resistance of tlie water is of three 
kinds. The first is skin friction. The water adheres to the side of 


the ship and molecule is always being torn from molecule as it 
goes. Eighty per cent, of the coal the ship burns is spent on 
pulling water molecules away from their neighbours. Of course, 
this has been greatly studied. If any one could find some paint 
for a ship which would slip through water with half the friction 
of those at present known, he would make a stupendous fortune 
and win the America Cup. But as far as we can tell, any smooth 
surface is as good as another. In tropical waters, weeds grow 
quickly on ships’ bottoms, and a growth of weed three inches 
long more than doubles the work of pushing the ship along. So 
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the bottoms of ships are coated with a greasy anti-fouling paint 
to which weeds cannot stick. Beyond doing this and making the 
ship as smooth and free from projections as possible not much 
can be done. But there are two more things that may hinder a 
ship. It may make eddies and it may make waves; both a useless 
stirring of the sea. 

If we consider the sea as flowing past the ship instead of the 
ship going through the sea, there is absolutely no difference. 

Suppose the ship was .doing }o 
knots. Imagine the sea, “ship 
and all,” put in a huge tank on a 
giant railway truck and moved at 
30 knots, the other way. The 
ship would now be still, and the 
sea moving, but no one could tell 
the difference, if they couldn’t see 
the tanki So, we can study the 
eddies a ship makes by letting 
water stream past a model of it. 

iG. 42.— The fish-shap^ object ha^y Now, it is found that the shape 

the ball distutbsthewaterextensively. which causes hardly any eddies 

at all is the shape of a blunt- 
nosed fish (trust Nature to spot itl) (Fig. 42). If ships were 
made with a blimt nose and tapered tail, they would waste no 
energy in stirring the sea into whirlpools. But such a shape 
would hardly be satisfactory, because tlie blunt bow would 
make waves and be knocked about by them. So, for the last 
century, a form tapered at each end has been used. A liner may 
cost nearly £5,000,000, and its success depends greatly on its 
speed. It is therefore important to be sure of the right shape 
for it. This is done by trying out models. Exact models of 
variously shaped hulls are carved from wax on a wooden 
foundation: sixteen of these, each about 17 feet long, were tried 
before the form of the great liasi Queen Maty was settled. These 
models are floated in a long tank 400 x 20 ft., and towed at a 
speed which “corresponds” to what will be expected of the liner. 
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This speed is worked out thus: if the model is a certain fraction, 
say, a hundredth of the length of the liner, then the corresponding 
speed is the square-root of that fraction — in this case a tenth — of 
the real speed. The towing force required is measured by a 
dynamometer — a sort of spring balance — on the towing line, 
and the models are altered again and again till the shape with 
the lowest resistance is found. Waves can be created in the tank, 
and the behaviour of the liner in rough water can be predicted. 
Plate V shows a model of iSxt Queen Maty in the experimental tank. 

Streamlining for things which move in air is not so important 
unless they move very fast. The wing of an aeroplane must be of 
streamline shape: so must a racing car designed to go at speeds 
much above loo m.p.h. The resistance of air or water varies 
roughly as the square of the speed of the thing that is moving 
through it. So, suppose the air-resistance of a car takes up five 
of its horse-powers at loo m.p.h. It would then need 20 h.p. at 
200 m.p.h., and 80 h.p. at 400 m.p.h. to overcome the air re- 
sistance. On the other hand, at 50 m.p.h. only i J h.p. would be 
needed and at 10 m.p.h. only h.p. 

It follows that racers must use streamline, but although at 
any speed it gives some slight advantage, ordinary motorists 
need not worry much about it. 

A peculiar form of “streamline motion” is a whirlpool, eddy 
or vortex, all of them names for the same thing. 

We have already seen that if a liquid is stirred round and 
round and so set spinning like a wheel, it forms itself mto a cup- 
shaped hollow (Fig. 33), the surface setting itself so that the 
surface of the liquid is everywhere at right angles to the pull of the 
centrifugal force and the pull of gravity combined. 

“Storms in a teacup” are well enough known to us, but in the 
sea quite big whirlpools may form. The usual reason for a 
whirlpool being formed is the exi 5 tenc.e of two parallel currents 
flowing opposite ways. Imagine two boards pushed opposite 
ways with two or three round rulers pressed between them. 
The rulers of course rotate. It is just the same with the slack 
water between two opposing currents. The most famous whirl- 
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pool is the Mielstrdm described with terrifying vividness and 
enormous exaggeration by Edgar Allen Poe in his story of that 
name. 

A vortex seen in every house is a “free vortex.” If you let the 
water nm out of the bath, it almost always takes a circular, or 
rather spiral course, as it finds its way to the plug-hole, probably 
because it always moves sideways as well as towards the hole. 

The shape is quite easy to understand. The “sideways” speed 
of the water remains the same, but as it nears the hole, its circular 
path gets smaller and so is traversed quicker: thus the speed of 
rotation gets greater. The centrifugal force is therefore greatest 
at the centre because the water is going round most quickly 
there: the gravitadonal pull is much smaller than this, and so the 
combined force of the two acts almost horizontally and at riie 
bottom of the whirlpool the liquid will be neatly upright. At the 
outer part, the liquid moves but slowly, so that the pull on the 
surface is mainly downward and very little sideways. In Chapter 
XXXI, where storms are discussed, it is shown that a cyclone is a 
vortex of air, and it is explained why these blow anticlockwise 
round their centres in the northern hemisphere, and clockwise in 
the southern hemisphere. The same appears to be true of natural 
free vortices in water. Plate VI shows free vortices in lakes of the 
southern and northern hemispheres! 

The difference between a forced vortex and a free vortex is 
that in the first (the stirred cup of tea) the centrifugal force is 
greatest at the outside: in the second, owing to the spiral motion 
quickening as the path of the water gets shorter, it is greatest at 
the centre. 

Another kind of vortex is commonly found in tubes where 
water is running turbulently. The central core of rapidly running 
water pushes on the slacker water at the side. The stationary 
sides hold it back. Thus we get ring-vortices. A very clear idea 
of these is got by imagining a rubber ring which fits the inside of a 
glass tube and a rod which fits the inside of the ring. Thrust the 
rod down the tube and the ring will move like a ring-vortex, 
turning itself inside out as it goes. 



104 '^Norld of Seimt 

Smoke-tings are ting vortices, as it is easy to see for oneself 
with the familiar apparatus of a boot-box and smouldering brown 
paper (Fig. 57). 


HOW UQUIDS EXPAND 

Liquids expand when they are heated and expand a good deal 
more than solids. Since a liquid has no real length, we usually 
talk about the increase in volume or bulk which occurs when it 
is warmed. If we heat a cubic foot of alcohol from 0° C, the tem- 
perature of melting ice, to its boiling point, 78” C, it will increase 
in bulk by 1 5 o cubic inches, while a cubic foot of steel heated from 
o°C. toyS^C. increases only by ; cubic inches. The reason for 
the expansion of a liquid is the increased motion of the myriad 
molecules of which it is composed, which naturally makes them 
spread apart: this is opposed by the attraction of the molecules 
for each other. In a solid, this attraction is ^ly large: the 
attraction is the thing which keeps it solid. In a liquid the 
attraction is much less: though the molecules of liquids with 
rather unsymmetrical molecules like water attract each other 
quite perceptibly. These do not expand very much — water (near 
20° C.)^on the average, increases by about ^0^50 of its bulk for each 
degree. The molecules of other liquids (e.g. chloroform) attract 
each other very feebly. There is consequently less force to resist 
the motion of the molecules and they expand a great deal more — 
chloroform on the average expands of its bulk for each 
degree it is heated. 

One of the chief applications of the expansion of a liquid is in 
measuring temperatures. 

We have talked a good deal about temperature without 
e^laining what it is. Everyone knows that a thing which is 
hotter than another is said to be at a higher temperature: but 
when we measure temperature by numbers of degrees we need 
something more. The Centigrade system arbitrarily calls the 
temperature of melting ice 0° C., and that of boiUng water 
100" C. Then since mercury becomes larger by of its bulk 
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when heated from the temperature of melting ice to that of 
boiling water —an interval of loo® C, — we say that i degree is the 
change of temperature which makes mercury expand or contract 
(actually 0.000182) of its bulk. If we use chloroform 
instead of mercury we call a degree the change of temperature 
which makes chlort^orm alter % 9^0 of its bulk. A difficulty 
comes in here, because diffident liquids do not exactly keep step 
in their expansion. Two thermometers filled with mercury and 
chloroform respectively and both correctly marked at 0° C., and 
50® C, would not show exactly the same temperature at 25® C. 
So if we are to agree exactly about the temperatures we measure, 
we must specify the stuff we are going to put in the thermometer. 
Mercury is the one ordinarily used, but hydrogen gas is sometimes 
preferred for very exact work. Finally, temperature is really the 
eturgy of the moving molecules, so it is possible indirectly to 
measure this energy and not depend on any arbitrarily chosen 
liquid to measure our temperatures. 

In practice then the instrument chiefly used for temperature 
measurement is the mercury thermometer. Thermometers can 
be tilled with other liquids (e.g., alcohol), but mercury is the 
best for most purposes. A thread of mercury is easy to see: 
it does not freeze except in Arctic conditions: it does not boil 
till near the melting point of lead and, above all, it expands very 
steadily. Alcohol is harder to see (though you can dye it) and it 
boils at 78® C. — a good way below the temperature of boiling 
water. It has, however, the advantage of expanding six times as 
much as the same volume of mercury and of being very hard to 
freeze. 

A thermometer is simply a bulb with a tine uniform tube 
attached. The bulb is tilled with liquid: the tube contains no air, 
the pressure of which would burst the bulb when the liquid 
rose too high. The tube is marked off in degrees. 

The thermometers ordinarily used have small bulbs so that they 
hold very little liquid and are heated quickly: they have very fine 
tubes so that a very small increase of bulk takes the liquid a long 
way up them. Figs. 43-45 show several different kinds of thermo- 
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meter. The one in Fig. 45 is a mercury-in-glass thermometer 
used for chemical work. It is long, narrow, and has no bulges 
so that it can be pushed through a hole in a cork. The one 
in Fig. 44 is a clinical thermometer for taking patient’s tern* 






Fig. 43. — Chemical Thermometer. 

(By courtesy'of Messrs. Allen & Hanbury, as are also Figs. 44, 45.} 


perature: it has a tiny bulb so that it may reach the temperature 
of the patient in half a minute, a tube so fine that if you break it, 
you can hardly see the hole: a scale which goes from 95° F. to 
110“ F., which is about as cold or hot as a living human being 
can be. Finally, the tube has a kink in it. The great force of the 
expanding mercury pushes it past the kink but, though mercury 
cannot be squeezed smaller, it can easily be pulled in two and 
when the thermometer cools, the thread breaks at the kink. 



Fig. 44. — Qinical Thermometer. 


The mercury above the kink stays where it was, and the nurse 
can read off the temperature when she wishes. When she has 
read it, she shakes the mercury down past the kink into the 
bulb. Without this gadget, the nurse would have to read the 
thermometer while it was in the patient’s mouth, a difiicult 
job if he had a full moustache and beard. 

A gardener wants to know in the morning whether there 
has been a frost in the night while he was asleep, and he 
also hkes to know the highest temperature reached in the day. 
He commonly uses an ingenious apparatus called a maximum 
and minimum thermometer — shown m Fig. 45. It is an alcohol 
thermometer. The bulb is at F : the reservoir G is just a place 
for spare alcohol to go to. The alcohol pushes a mercury thread up 
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and down, and on each side of it is a little iron 
dumb-bell (K, L) with a feeble spring on it 
which stops it from slipping down the stem. 
When the temperature rises, the alcohol 
expands and the mercury (which does not wet 
iron) pushes L up the tube but leaves K 
behind. When the temperature falls, the 
mercury goes the other way and pushes K up 
the tube and leaves L behind. So, the bottom 
of L shows the highest temperature and the 
bottom of K the lowest. They are pulled 
down again by a magnet which attracts iron 
just as well through glass as through air. 

The ordinary liquid-in-glass thermometer is 
used more than any other kind. It is cheap 
and accurate. But it has two great faults. It 
is no use below -too® C., which matters only 
to scientific men, not much use above 560® 
C., and no use above 500® C., which matters a 
very great deal to engineers. A second dis- 
advantage is that it is rather easily broken. 
The other ways of measuring temperature 
are, first, bimetallic strip thermometers like the one described 
on page 63. These are now made accurate and cheap enough 
for most jobs but not accurate enough for scientific work. 
A mercury thermometer specially made will show a change 
of a thousandth of a degree centigrade — your own sense of 
temperature could notice a difference of about one degree 
under the most favourable conditions. A thermometer filled 
with hydrogen gas can be used at very low temperatures, for 
hydrogen does not liquefy above -Z3 z® C., but it is a complicated 
alEair. Secondly, temperatures up to a red-heat can be measured 
by finding out how much electricity impelled by a fixed voltage 
will pass through a wire heated to that temperature. This is 
accurate but not very well suited for the use of other people 
than scientific men. Finally, very high temperatures can be 



Fig. 4 5 Maximum 
ami Minimum 
Thermometer. 
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judged by matching the light, say from a furnace mouth, against 
an electric light filament heated to known temperatures. The 
higher we get in the scale, the more doubtful we get about 
temperatures. The “melting point” of sodium sulphate is known 
witWn a thousandth of a degree (32.383 to 32.384) the boiling 
point of sulphur within of a degree (444.54 to 444.50): the 
melting point of gold within 0.6 degree (1062.2 to 1061,6) and the 
melting point of tungsten within 60 degrees (3340 to 5400®). 

CONVECTION CORBENTS 

When a liquid expands it gets bulkier but docs not get 
heavier. So, a hot liquid is lighter, bulk for bulk, than a cold 
one. A cubic foot of ordinary cold water out of the tap, say, 
at 60® F., weighs nearly 62 J lbs., but a cubic foot of boiling water 
weighs only 59! lbs. Anything lighter (less dense) than a liquid 
floats on it; so it follows that hot water will float on cold water. 

A simple experiment will show a lot about this. Half fill 
a tin with cold water. Hold a spoon on the surface of the water 
and gently pour hot water from a kettle into the spoon till the 
tin is full. Carefully remove the spoon. The hot water floats 
on the cold, and the tin remains boiling hot at the top and quite 
cool at the bottom for a long time. You may have dived into a 
swimming bath which has remained undisturbed in a hot sun for 
an hour or two. Underneath it is quite cold but a layer of warm 
water floats on the top. ‘Perhaps the most interesting thing 
is to watch the water rising off a hot object. It is easier to see 
this in a glass vessel, but most households do not have any 
glass vessel that can be heated. If you rub a little blotting- 
paper in a saucer of water, you get a sort of “soup” of paper 
fibres. Put a saucepan of water over a small flame which heats it 
in one place only, and drop in a little of your paper fibre. You wiU 
see the fibres rising up with the hot water and going down with 
the cooler water, keeping up a regular circulation as long as heat 
is supplied. Another way of seeing the same thing is to float a 
bit of ice on a glass of lemonade. The heavy cold water from the 
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melting ice can easily be seen sinking through the 'warmer 
lemonade. 

Now this circulation of water (or convection, as we call it) is 
used for a great many purposes. In the first place it would be a 
terrible job to heat water at all without it. The water would 
get hot at the bottom of the pot or boiler where the fire was. 
The heat would not get away, for water conducts heat very 



A - B 

Fig. 46. — Convection currents. (A) in a liquid, (B) in a gas, their course 
being indicated by the smoke of smouldering paper. 


poorly, and the liquid would boil at the bottom, but stay cold 
at the top till the steam bubbles stirred it up. Still worse would 
it be for heating large quantities of water for baths. We could 
have no hot water system, for how would the hot water be 
persuaded to circulate through it and back again? As it is, the 
household hot 'water system is quite an elegant piece of apparatus 
— to the scientific eye. The actual boiler only holds a few gallons 
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of water; it has an exit pipe at the top and an entrance pipe at the 
bottom. These connect to the top and bottom of the cylinder in 

which the hot water 
is stored. The hot 
water from the 
boiler rises into the 
cylinder and the 
cooler and denser 
water from the latter 
flows back into the 
boiler. In this way 
a large quantity of 
water is kept hot. 
This flows roimd 
the circuit A A A A 
because the water 
in the left-hand 
vertical pipe must 
always be cooler and 
heavier than that in 
the right-hand ver- 
tical pipe which 
issues from the 
highest and hottest 
part of the cylinder. 
At the bottom of 
the cylinder enters 
a pipe from the cold water supply: this replaces the water drawn 
off and gives the necessary pressure to drive the hot water 
to any tap lower than the cold-cistem. When the fire is burning, 
the water in the cylinder gets hotter until either it boils or 
the speed at which heat is leaking away from the system to the air 
is the same as the speed at which heat is being supplied by the fim. 
It is not good to let the water boil, as, if the water is “hard,” i.e., 
contains certain “lime” salts (calcium bicarbonate), a crust 
deposits in the pipes and some day blocks one or both of them. 



Fig. 47. — A domestic hot water system. 
(Courtesy of Gresham Publishing Co., Ltd.) 




Ill 


U^ds 

Then, if the matter is allowed to get so &£, the water cannot cir- 
culate: it gets very hot in the boiler and turns into steam, the 
pressure of which would burst the boiler and probably kill some- 
one, were it not that the boiler has a safety valve at the top. How 
does the safety valve work? Very simply. Fig. 48 shows a simple 
safety valve. A few weights press a cap down on to a fairly sharp- 
edged hole which it fits well. If the ordinary main water pressure 
is 25 lbs. per square inch, and the siae of the hole is square 
inch (about ^inch bore) and the weights weigh 2^ lbs., clearly the 
water will not be able to push the cap up and so there will be no 
leakage. But suppose the exits are blocked and steam forms in the 
boiler. The pressure gets much larger, forces up 
the cap, and the steam and water come spurting out. 

Luckily, this does not often happen, for people 
notice that their hot water system is ‘working 
; badly and send for tlie plumber long before the 
pipes 8®^ blocked, 

■M'llpii A central heating system works in just the same 
B-B sort of way, but there is no hot cistern; the top 
Froj^48.— ^mple g^it pipe from the boiler leads through to the top 
valvef room which requires to be heated, and then leads 
(^urtesy of down through several radiators (which are simply 
li.hing Co.) ptpes folded up to give a big surface) and so back 
to the bottom entrance pipe. 

The column of water on the exit pipe side of the highest 
point is hotter than the column of water on the entrance pipe 
side. It is therefore lighter, and the cold and heavier side presses 
down more heavily than the hotter and lighter, and so flows 
down and pushes die hot water up. As long as the fire is alight 
this process goes on and keeps a steady stream of water through 
the radiators. A car is cooled by just the same arrangement. 
Here, the cool water in the radiator and the hot water in the 
cylinder-block cause a circulation just like a hot water system. 
It does not circulate very quickly, however, so most cars push the 
water round with a pump. 

Water expands in a peculiar way which has a very important 
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cAect on the under-water life of weeds and £sh, as well as on out 
climate. Water contracts as it cools, like any other licpiid, 
because its molecules slow down and do not force each other so 
Bit apart by their blows. But while water at its boiling point is 
simply a crowd of single water molecules, these begin to link 
into loose pairs as the water cools down, and into triplets as it 
cools further. Now, single water molecules pack much closer 
to each other than double ones and double ones pack better 
than treble ones: so that as the water molecules cool and link 
up like this, they begin to want more space and the liquid must 
e:q>and. If you think of pouring tennis balls into a box in a 
random fashion (not packing them in any systematic way) you 
can see that 300 single balls would need a smaller box than 150 
pairs stitched together, or 100 threes. 

Down to 39° F., the water contracts more than it expands, 
between 39° and 32“ F., it expands more thank contracts. When 
it freezes it all goes into triple molecules, and thus requires 
so much more room that ten cubic inches of water make eleven 
cubic inches of ice. This is why pipes burst when they are 
allowed to freeze. The water begins to freeze and somewhere 
freezes solid and blocks the pipe. This traps some imfrozen 
water and gives it no room to expand: when it freezes an enormous 
pressure is exerted and the pipe splits. The possible remedies 
are several. First of all you may leave the taps dripping: this 
keeps a steady supply of warmer water welling up from the main. 
The water companies simply hate this plan, and another objection 
is that the water usually freezes in the outside waste spouts. 
These get blocked and the water overflows in the night. If 
you have lead pipes, you can tap them into an oval. If the 
water freezes, it only pushes the oval into a circle. This plan 
is not much good because it is only useful once: the next time 
it freezes, the circular pipe bursts. Finally, the real remedy is to 
wrap the pipes in felt to make them cool slowly, keep a Are in the 
hall all night and leave the trap door into the attic roof open so 
that the warm air may rise and prevent the cold water cistern 
and its pipes from freezing. 
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. Suppose a pond in winter has a temperature of 45” F. (water 
freezes at 32*’ F.), when a cold spell begins. The cold air cools 
the top layer of water and makes it denser than the water below 
which has not been cooled. So the cold layer sinks and a fresh 
warm layer comes to the surface to be cooled again. This goes 
on until all the water gets cooled to 59“ F. Thereafter, the water 
expands as the air cools it, and the top layer of cold water is 
lighter than the less cold water below. So this layer stays at the 
top and does not sink. It rapidly gets colder and freeiKs. Now 
heat passes only very slowly through still water. Consequently, 
the water at the bottom of the pond only cools down very slowly, 
and it requires a long spell of severe frost to make the ice six 
inches thick, let alone to freeze it solid. 

Now suppose the water — ^like almost every other liquid — 
had contracted as it cooled all the way till it froze. The' top layer 
of pond water would have gone on cooling and sinking and 
being replaced by the warmer lower layer until the whole pond 
was at freezing point. It would then freeze, and ice crystals 
would shoot out through the whole depth of freezing water. 
The water would freeze to a sort of sludge of ice crystals and 
finally freeze to a solid block. Well, it may take several weeks 
for a “snow-man” to melt, and it is easy to see that a pond once 
frozen solid would thaw only on the surface throughout the 
whole winter. Ordinary fish and plants would not Uve — though, 
no doubt, creatures capable of spending a winter in ice would 
have been evolved. As it is, carp will survive freezing into a 
block of ice and melting out again after some weeksi 


EVAPORATION 

Even more important than the expansion of liquids by heat is 
the effect of heat in making them evaporate and boil. Everyone 
knows that a saucer full of petrol dries up in a few hours: a 
saucer of water in a few days and a saucer, say, of olive-oil so 
slowly that in any reasonable time the efiect is not noticed. 
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Evapotadoa is quite a simple thing. Of the jostling molecules 
in a liquid, some are going slowly and some going quickly. A 
molecule which has had a push behind will go quicker than one 
which has had a push in front. 

Now, at the surface of the liquid, die attraction of the other 
molecules (p. 90) is pulling back any molecules which hop out. 
If these are going slowly, the pull is too much and they fall back; 
if they are going hist, they may get out of range of the pull and 
float off in the air. 

So, evaporation is the loss of the speediest molecules of the 
liquid. Now a speedy molecule is a hot molecule, so when a 
liquid evaporates it loses its hottest molecules and keeps its 
colder ones: consequently, it gets colder — a fact used in all 
refrigerators. Again, the hotter you make a liquid, the speedier 
are its molecules and — since the pull of the surface molecules 
stays the same — ^the more molecules will be fast enough to get 
away. So, the hotter a liquid is, the quicker it will evaporate. 

Evaporation is not quite so simple as this, because molecules 
are continually coming back into the liquid as well as leaving it. 
Look at a corked botde of beer. Does the liquid evaporate? 
Not unless the cork leaks. Molecules of water are always darting 
out of the liquid into the air above it: but molecules of water 
from the space above the liquid are continually taking headers 
into it. A liquid in a closed space evaporates until so much 
vapour — i.e., so many molecules of it in the form of gas — ^have 
accumulated in the space, that in every minute as many molecules 
come back into the liquid as leave it. A liquid in the open 
evaporates quickly because the molecules arc carried off by air 
currents, and cannot dive back again. Winds help drying for this 
reason. We talk of the liquid “evaporating” when the molecules 
leave it and we talk of the vapour “condensing” when the mole- 
cules go back again. 

What has just been said applies to all liquids, but some 
liquids evaporate much more easily than others. At a given 
temperature all molecules have the same average energy — they 
give an equal punch. This shows clearly that the very light 
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oats like hydrogen must move fat &stei; than the heavy ones 
like those of mercury. The chance of any molecule getting 
permanently out of a liquid depends first on its speed, secondly 
on the strength of the pull that keeps it back. So we shall expect 
first to find that liquids with light molecules will evaporate very 
^ily, and, indeed, this is true. Liquid hydrogen evaporates 
rapidly, boils in fact at the very low temperature of -zja.S® C. 
Acetylene, the molecule of which is thirteen times as heavy 
as a hydrogen molecule, boils at -82.4® C. Benzene, (with 59 
times as heavy a molecule) evaporates quite quickly; it boils at 
81® C. Turpentine, with a molecule 68 times as heavy, evaporates 
very slowly: it boils at 156° C. This is a very rough rule indeed. 
The worst exceptions are water having a molecule only 9 times 
as heavy as a hydrogen molecule and boiling at 100® C., and 
liquid metals like melted aluminium which boils at 1800® C., 
although its molecule is only 13I times as heavy as a hydrogen 
molecule. The other thing which makes a liquid evaporate 
easily is a feeble pull from its fellows in the liquid. Compare the 
gases methane (the explosive gas in mines), ammonia and water. 

The weights of their molecules are not far off the same (16, 
17 and 18 units respectively), and if speed were all that 
mattered in evaporation, they should all evaporate about equally 
fast. 

Methane has a beautifully symmetrical moleaile: it boils 
at -164® C. near the temperamre of liquid air. Ammonia is not 
so symmetrical: it hks one pair of odd negative electric charges at 
one side and these make the negative side of one molecule attract 
the positive side of the next. This attraction holds up the mole- 
cules a bit, and it does 
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Fic. 49. — Molecules of (A) methane, (B) ammonia 
(C) water. 


not boil until-53.j® C. 
Finally, water has four 
negative charges all on 
one side of the mole- 
cule and so water mole- 
cules attract each other 
strongly, and water 
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evaporates slowly and only boils at loo® C. 

Evaporation is used first for getting rid of a liquid we do 
not want: secondly, for purifying liquids (p. 555): thirdly, for 
cooling purposes: and fourthly, in the steam engine for getting 
power — a use we will also leave till a later part of Ae book. 

The simplest use of evaporation is for Ae drying of cloAes 
or oAer wet noaterial. The things which speed this up are, as 
everybody knows, warmA which speeds up the molecules, 
winds which carry Aem off and prevent Aem jumping back, dry 
air which has few water molecules to jump back. In factories 
where matedals like rubber have to be dried, the things are often 
heated in a vacuum. In air, the escaping water molecules hit the 
air molecules and bounce back oft them. In a vacuum this 
cannot happen. The vapour is pumped out of Ae vacuum so 
that it cannot get back to the rubber or what not. The chemist 
has a clever piece of apparatus called a vacuum desiccator. 
He puts anything he wants to dry in an airtight glass case in Ae 
bottom of which is some sulphuric acid and he Aen pumps the air 
out. The water evaporates in Ae usual way from the thing he is 
drying, and every water molecule that comes oft finds its way in a 
few seconds to Ae sulphuric acid. Nowsulphuricaciditselfdoesnot 
evaporate, and its molecules instantly hitch on to any water molecule 
Aey meet and will not let it go. So hardly any of Ae water mole- 
cules gets a chance to go back to Ae stuff from which they came. 

On Ae large scale, many solids are manufactured from solutions; 
salt from sea- water or strong “brine” pumped up from salt- 
mines; sugar from cane-juice or bcet-juicc (to name at once two 
very big industries). These solutions of salt and sugar are 
usually evaporated in a vacuum in order to save fuel. 

When a liquid evaporates, it becomes colder unless, of course, 
it is being heated at the same time. If you pour petrol, or better 
eAer on your hand, it feels very cold: the petrol in Ae can is no 
colder than the other objects round it, but as soon as it evaporates, 
it gets cold. Why do liquids get cold when they evaporate? 
You will remember that evaporation occurs because some of 
Ac fastest molecules manage to get out of range of Ae oAers. 
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The temperature of anything is the average energy of the mole- 
cules, and the energy of a molecule depends on its weight and the 
square of its speed, so that if the festest and hottest ones ate 
getting away by evaporation, the slowest and coldest are being 
left behind. Evaporation then makes a liquid colder because it 
takes the hot molecules and leaves the cold ones. But what 
happens when the fast molecules have all gone? This never occurs, 
because collisions between the slower molecules speed up some 
and slow down others, so there is always some supply of hast 
molecules, but as the liquid gets colder, this supply becomes 
scantier and evaporation slows up and nearly stops. 

Think for a moment what happens when water is boiled. The 
fastest, hottest molecules are going off as steam and so tending to 
cool the water down below boiling point. The water only 
keeps boiling if a dame beneath it is speeding the water up — ^in 
fact, if heat is being put in. When we boil a kettle, we are heating 
water and not making it any hotter, for the water just stays at 
boiling point. The heat we put in all goes to speed up the 
molecules and make them nimble enough to dart away from their 
fellows which are attracting them. This heat we call latent 
beat, and actually it takes six times as much to turn a pint of boiling 
water into steam as it takes to heat a pint of cold water to boiling. 

The use of evaporation to produce cold is one of the very few 
ways in which we can cool a thing without having ice or some 
cold substance to cool it with. Damp clothes ate chilly because 
the water in evaporating cools the clothes and so also the body. 
In some mines, the air is very damp, and in these, although a 
miner’s clothes may be soaked with sweat, he does not feel chilly. 
The air is full of moisture and evaporation does not occur. 
Evaporation is the body’s chief means of keeping its temperature 
down. Heat is always being produced by the “combustion” of 
food material in the body: heat is always leaking away into the air. 
The quantity of heat produced may be quite small, as when you 
are resting, or very large when you are running. The body 
must either keep its internal temperature within a very few 
degrees of 98.4® F. or die. It has two chief tricks. If it is cooling 
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too fast, it closes the little blood-vessels in the skin and keeps the 
blood away from the surface; the skin goes pale and, since the 
blood is no longer warming the skin where the sensation of 
heat and cold resides, one feels cold: if this is not enough, it 
shivers, contracting the muscles, doing work and so rapidly 
burning more fuel. If, on the other hand, the body is producing 
more heat than it is losing and so begins to heat up, it sends the 
blood to the skin to meet as much cool air as possible and the 
skin flushes: nextj if that does not suffice, it sweats freely, that is 
to say, exudes moisture which quickly evaporates and so cools 
the body. In a very hot moist climate, e.g., that of the Congo or 
Amazon basin, sweat does not evaporate easily and violent 
exertion may produce more heat than the body can get rid of, 
and the serious malady of heat-stroke results. 

The earthenware cases sold as butter coolers and milk bottle 
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coolers work in just the same way. They are soaked in water, and 

apparatus of tins kind 
I that employed m refn- 

•'^rf machinery. This uses- Up 
,, . . liquid is then evaporated 

Fig. 50. — TheB.T.H.tcfngeratot. (Bypemussion i. ..i. i- • 

of the British Thomson-Houston, Co., Ltd.) where the COOling 18 
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required. A&.an example of several excellent refrigerators, the 
made by the International Refrigerator Company may be 
taken. The principle is to evaporate a liquid into vapour to 
get the cooling, then by compressing the vapour to get the 
liquid back. The liquid used is sidphur dioxide, which boils below 
freezing point at 14“ F. In Fig. 50 R is an electric motor which 
works a pump. This draws the gas sulphur dioxide from the 
cooler C of die refrigerator and compresses it into the space S 
round the motor. The compressing makes it warm (p.. 158), and 
so it is passed into the coils M where it cools to room temperature. 
But compressed sulphur dioxide gas liquefies at room temperature, 
though the ordinary gas does not. Consequently, liquid sulphur 
dioxide forms in the coils and at intervals lifts the float of the 
level-regulator F and runs through into the cooling chamber C. 
Here, the pressure is low because of the action of the pump, and 
the sulphur dioxide evaporates and gets very cold; the gas 
returns to the pump and goes through the whole process again. 
The machine is taking heat from the inside of the refrigerator 
and giving it out again from the cooling coils at the top. 

A minor use of evaporation is the way of roughly telling the 
height of a mountain. Now, the higher up you are, the less air 
there is above you, and so the less is the pressure of the air. 
The pressure of the air at various heights is shown in the table set 
out below. 

Now, it is quite easy to find out the temperatures at which water 


HEIGHT OF 

MOUNTAIN 

BAROMETER 

1 _____ __ 

BOILING POINT OF 

WATER 

Metres 

Feet 

Millimetres 
of Mercury 

Inches of 
Meitury 



0 

0 

760 

50.0 

100 

212 

1000 

3,280 

674 

26.5 

96.7 

206.1 

2000 

6,562 

596 

^ 3-3 

93-3 

200.0 

2 000 

9,842 

526 

20.7 

90.0 

194.0 

4000 

13.1^3 

462 

18.0 

86.7 

188.0 

5000 

16,404 

405 

16.0 

83.3 

181.9 
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boils at these ptessutes: the figuies ate given in the jth and 6th 
columns of the table. To measure the height of the mountain, 
you put in your pocket a thermometer and at the top, make a 
fire and boil the instrument in some water. Notice the tem- 
perature and look up the corresponding pressure in the table, and 
also note the time. When you get down, find out what the air 
pressure (shown by the barometer) was, on that day and at that 
time, at the bottom of the mountain. If it was below or above 
thirty inches, add or take oS enough to bring it to 30.000 inches, 
and then do the same to the pressures shown in the table. Then 
read off the height. 

Take an example. A thermometer boiled at the top of Ben 
Nevis read 203.83° F. The barometer at Fort William (sea level) 
showed 29.70 inches at that moment. From the table, water 
boiling at 203.85° F. indicates a pressure of 25.1 inches. Add on 
0.3 inches, making the pressure 25.4. This shows a height of 
4,400 feet. Most people prefer a pocket barometer which shows 
the pressure more accurately: but if one's barometer is broken and 
one’s thermometer survives, the method is sometimes useful. 
Before pocket barometers were employed, the thermometer 
method was a favourite one. 

When a liquid evaporates, it produces a great deal of vapour. 
One cubic inch of water produces 1,700 cu.in. of steam at ioo°C. 
This is because the molec^es in a gas are so far apart. Suppose we 
do not give the cubic inch of water i ,700 cubic inches of space, but 
only 10 cubic inchesi We heat it up: it does not boil at 1 00° C, but 
it does boil at 345° C. and turns into 10 cubic inches of steam at the 
enormous pressure of 2,300 lbs. per square inch. The vessel 
would have to be very strong, otherwise it would burst like a 
rather ferocious bomb. Suppose, however, we shut up the water 
in a very strong vessel only a little bigger than would hold it. Any 
ordinary vessel would burst or stretch, but if it was strong 
enough, the water would do a queer thing. As it heaped up, it 
would not boil but the pressure would rise and rise and finally at 
the huge pressure of 217.7 atmospheres (and at a temperature 
hotter than melting lead) the surface of the water would grow 
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vague and wavy and it would just disappear into steam without 
boiling. Not many years ago, it was regarded as impossible to 
handle steam at these vast pressures, but recently, a remarkable 
steam boiler has been developed which actually generates steam 
at this “critical” pressure of 217.7 atmospheres (p. 262). This 
change of a liquid into a gas without boiling is rather difficult to 
study with water: but with ether it takes places at 193.8° C. and 
3J.5 atm., and can easily be studied in a stout-walled glass 
tube. 

The huge pressures that water can develop if heated in a 
confined space are the cause of boiler explosions, happily rare, 
but terribly dangerous because of the clouds of scalding steam 
which are produced. 

The most terrible explosions on earth are those of volcanoes; 
sometimes a whole mountain is shattered to fragments and every 
living creature near destroyed. It has been thought that these 
explosions are caused by molten lava meeting subterranean water 
and producing vast amounts of steam confined at huge pressures 
beneath the earth: but a conunoner cause seems to be the ac- 
cumulation of the steam and other gases, pent up under vast 
pressure in the glowing rocks of the earth’s core. The pressure 
sometimes becomes huge enough to move mountains and “the 
hills are carried into the midst of the sea.” 



CHAPTER VI 


Gases 

WHAT GASES ARE 

T he behaviour of a gas is easily enough understood if we 
remember what it is. A gas is a very scattered assembly of 
molecules moving as fast as bullets but not getting very far 
before they collide with each other. Each molecule has a good 
big free space round it: in fact, a molecule of a gas has about a 
thousand times as much elbow-room as a molecule of a liquid 
or a solid. Well, anyone can see that if this is a true picture of a 
gas, it must be very light, because it is made up of a good deal of 
emptiness and very few molecules. Picture a swarm of midges in 
which each midge was about two inches from the next and you 
will have a fair notion of the amount of elbow-room in a gas. 
It follows from this that a gas will flow very easily, for the mole- 
cules will not get in each other’s way, nor will they greatly 
attract or repel each other. For the latter reason, it should be easy 
to compress a gas: a solid or liquid is almost incompressible 
because the repulsions of the electrical charges of which its 
atoms are made up are far stronger than any forces we can apply. 
In the case of a gas, the molecules are much too far from each 
other to repel each other. Compressing a gas is like forcing a 
struggling mob of people into a small room; reasonable strength 
will do it. Of course, the idea of a gas as a swarm of busy mole- 
cules is not much more than a hundred years old. Gases are 
so unlike any other kind of matter that many centuries elapsed 
before people made up their minds that they were matter at all. 
Air was so strange a material, light, invisible to the eye, yet so 
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powerful in motion as wind, that one of the Greek philosophers 
identified it with the soul and God. The word “gas” itself, 
invented by van Helmont in the sixteenth century is often 
thought to be connected with “geist” or spirit, a derivation 
which displays the same train of ideas. 

One of the reasons why people before the eighteenth century 
knew hardly anything about gases was that they are difficult to 
handle. You can put a solid in a basket or a basin, you can pour 
a liquid into a jug, but a gas has to be handled in a special way. 
Suppose you have a bottle full of it. As soon as you uncork it, 
the gas molecules begin to spread into the air and the air mole- 
cules into the gas. The difficulty of handling a gas in air is just 
the same as you would find if you tried to pour yourself out a glass 
of milk under water at the bottom of a swimming bath. 

The chief trick we use depends on the fact that most gases do 
not mix with or dissolve in water. Suppose we ate making some 
hydrogen by putting zinc in hydrochloric acid — spirits of salts — 
we can fix a tube into the cork of the bottle containing the zinc 
and acid and lead the tube under water. Fig. 5 1 A. 

The hubbies must all be hydrogen, for no air can get in. Now, 
we take a jar and duck it under water. This gets all the air out 
of it. We turn it up, mouth downward. The water does not 
run out — ^if it did it would leave a vacuum and the pressure of the 
air would force the water in again, in no time! 

Now we put the jar over the tube: the hydrogen bubbles 
up into it. When the jar is full, we stopper it, usually by sliding a 
greasy glass plate over it. Fig. 5 1 shows how a gas can be collected 
and also how we can force a gas from one vessel to another. 
Some gases, like ammonia, dissolve very easily in water, and in 
that case we use mercury instead of water. Mercury is very 
expensive and very heavy, so we don’t use it if we can help it. 

Another way of getting a gas into a vessel is to pump the air 
out and then let the gas go in through a tap. This avoids using 
mercury or water. 

On the industrial scale, there are three ^vourite ways of 
storing gases. First, they are stored in gasometers over water, or 
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under a sliding piston or diaphragm; Fig. 52 shows a gasometer 
of the modern waterless type. The weight of the sliding partition 
is balanced by the pressure of the gas. Fig. 138 shows 
storage over water. In this case the weight of the iron holder is 
balanced by the upward pressure of the gas. Since the holder is 
very large and not extremely heavy, quite a small pressure per 
square inch will keep it up. 

Secondly, gases are stored in cylinders under pressures as 
high as 1,800 lbs. per square inch. TUs squeezes a lot of gas into a 
little space as explained on p. 134. Fig. 55b shows a picture of 
such a cylinder. 





B 


Fig. 51. — (A) CoUectiiw hydrogen over water; (B) transfietiiog « gas 
nom one jar to another. 
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Thirdly, some gases can be made into liquids by compressing 
them, and these are sold in strong glass syphons or iron cylinders. 
When the valve at the top of the syphon (Fig. 53a) is opened, the 
liquid evaporates and the gas rushes out. One gas, acetylene, 
explodes when it is strongly compressed, so it is dissolved under 
moderate pressure in a liquid called acetone, just as carbon 
dioxide is dissolved under pressure in water to make soda-water. 
When the cylinder of acetylene dissolved in acetone is opened, the 
acetylene comes bubbling out like the carbon dioxide from soda- 
water. To prevent the acetone from being spilt, it is soaked up in 
porous material. 

The selling of gas is now a big industry, and at least eighteen 
different kinds can be bought. 

The great chemical works usually make their gases and use 



A B 

Fig. )2. — (A) A modem waterless gasholder. The gas is confined under 
a huge sliding diaphragm or piston which b kept airtight by sealing 
it tar (courtesy of Waterless Gasholder Co.. Ltd.). (B) The 
sealing system. 
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Fig. 53. — (A) A glass syphon containing liquid sulphur dioxide (by 
permission of Messrs. Boake Roberts & Co.). (B> A gas cylinder in 
section (from matter kindly supplied by The Chesterfield Tube Co., Ltd.). 

them on the spot. Oxygen is sold to engineers for welding with 
the oxyacetylene blowpipe, and to doctors for sustaining 
pneumonia patients. Nitrogen, which does not burn, is sold for 
filling electric lamps and some other purposes. Hydrogen is sold 
for filling balloons and for various chemical purposes. Qilorine — 
the green poison-gas — ^is sold for bleaching and for making 
various chemicals. Nitrous oxide is the gas the dentist gives you. 
His two little cylinders contain nitrous oxide and oxygen. 
The nitrous oxide puts you under and the oxygen keeps you from 
suffocating. Carbon dioxide is sold in cylinders for making fizzy 
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drinks and soda water, which are simply still drinks or water into 
which this gas has been forced under pressure. Ethylene and 
ethyl chloride are used as anaesthetics. Acetylene is used for 
lighting. Liquefied ammonia (not the solution in water you 
buy at the chemist’s) is used for refrigerators, and so is liquefied 
sulphur dioxide. Argon — obtained from ait — is sold for filling 
electric light bulbs, and neon, a gas of which the air contains only 
one part in 55,000, is extracted from it and is used to fill those 
briUiant neon-tubes which make the modern street so gay at 
night. So there are at least thirteen familiar gases you can walk 
into a shop and buy, packed in cylinders or “syphons.” 

One more gas is familiar enough to us all, the coal-gas, which 
Mr. Therm supplies to out houses. This is a mixture of half-a- 
dozen gases. It is mostly hydrogen and methane — the gas 
which causes explosions in coal mines- but it also contains the 
poisonous carbon monoxide and small amounts of several other 
gases. The way in which this gas is made and distributed is 
described on pp. 248 — 253. 

THE BEHAVIOUR OF GASES 

Only very slowly did the idea gain ground that air was a 
material substance like water or stone, and the chief thing that 
contributed to the progress of the idea was the discovery of the 
air-pump and the vacuum. It is easy to see how air behaves only 
when we have a space without air to compare with it. Most 
people know that air — and other gases — have weight, though they 
would be hard put to it to prove the fact to a hardy sceptic. If 
you fill a toy balloon with air and weigh it and then deflate it and 
weigh it again, not the faintest difference is noted. This seems odd 
at first, but the reason is simple. Look at Fig. 54 (a). On top of 
the scale pan is tlie balloon envelope and a column of air (includ- 
ing that in the balloon) reaching for miles up into the sky. The 
weight of air does not push the pan down, because the air is 
pressing on the pan equally upwards, downwards and sideways 
too. Now look at Fig. 54 (b). The balloon is still on the pan: 
so is the colunm of air. The "weight is just the same — ^the only 
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Fig. 54. — A toy balloon, if weighed in air, appears to have the 
same weight whether empty or full (provided that the air in 
the balloon is not under any pressure). 

difference is that some of the air is inside the balloon instead of 
outside it. 

If we want to weigh air, we must weigh a vessel first empty of 
air, then full of it. This is easy enough. We pump the air out 
of a strong glass bulb and weigh it: then open the tap and let 
it fill and weigh it again. If we do this, we find that a litre of 
air — under the conditions which prevail in an ordinary living 
room — weighs about a gram. To put it in a more concrete 
way, the air in a sitting-room 15 X 12 X 8 ft. weighs about 
as much as a small woman. Very roughly speaking, air weighs 
about a thousandth of the amount the same bulk of water would 
weigh. 
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A bullet leaving a rcv(jlver. Note the spherical cr)mprcssiun wave ot expanding 
burnt gases, and the rf)nical wave set up by the bullet. (H) courtesy of Messrs. 
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AIR PRESSURE 

The tremendous quantity of air which 

wraps the earth like a garment— and 

incidentally keeps it warm like a garment 

too — has altogether a tremendous weight. 

As I sit here, the column of air pressing 

on my head and shoulders is a far greater 

weight than I could lift. Fig. 55 shows 

a man carrying eight half-sacks (140 lbs. 

each) of flour. This is just the weight of 

air which presses on each of our heads and 

„ . shoulders as we about our work. 

Fig. 55. — A man carry- ^ ^ 

jng a weight equal to wc are pcrtectly unaware 01 it, for an 

that oi the air which equal or Very slightly larger pressure 
always presses on his ^ ^ ® - 

head and shoulders. acting Upward upon out feet and legs, 

bears us up. Our bodies (being made of 
solids and liquids) are almost incompressible and. as long as 
the pressure bears equally on every part, are quite indift’erent to 
it. We need not boast of our power of supporting pressure; for 
fish, strange phosphorescent creatures with ferocious jaws, live a 
mile deep— perhaps deeper — in the sea. Here, the pressure on 
the back of a fish the size of a cod is about 120 tons, the weight 
of a large railway engine. As far as wc can tell, they feel it not at all. 

Wc live, then, ar the bottom of a deep sea of ever moving gas, 
whirling and eddying from place to place. The air is hardly 
ever still even at ground level. The currents in it we call winds. 
They are caused chiefly by the dificrence of temperature between 
different parts of the world. Weather, as we shall see in Chapter 
XXXI, depends chiefly on winds and air-pressure, and it is there- 
fore very important to have a way of measuring the pressure of the 
air. It was not until 1643 that any instrument was devised to do it. 
The principle is very simple. Let the air press on one side of 
something, but not on the other: see how hard the air pushes 
the thing. The simplest instrument for doing this is the 
mercury barometer. In a bent tube is some mercury. Above 

5 





Fig. 56. — A column of air as high as the 
sky balances a column of mercury about 
thirty inches high. The height of this 
column dc|>encls on the amount of air 
which happens to be above the baro- 
meter at the moment in question. 

air or moisture. These stick to 
find their way into the vacuum 
of the mercury which therefore 
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the mercury on one side is no 
dr (a vacuum), on the other 
side is the open air. The air 
outside pushes the mercury 
down: the vacuum inside, 
being nothing, can neither 
push nor pull, and accord- 
ingly, the mercury settles itself 
so that the weight of the air is 
just balanced by the weight of 
mercury. If the air pressure 
gets higher, it pushes the 
mercury up; if lower, it lets 
the mercxiry fall, in each case 
till the weight of mercury 
balances the weight of air. 
Why do we use mercury? 
First, it is so heavy that a 
short column of it, about 
thirty inches long, balances 
the whole column of the air up 
to the sky; secondly, it docs 
not evaporate. Glycerine baro- 
meters are sometimes used, 
but they have to be about a 5 
feet high, which is not at all 
convenient! 

A mercury barometer is 
quite simple in principle, but 
in practice takes a good deal 
of skill to make. The chief 
difficulty is in filling the tube, 
which must not contain any 
the sides of the tube and so 
and press on the wrong side 
registers too low a pressure. 
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Space does not allow me to tell how these troubles are got over. 
Sudice it to say that the bent tube is most scrupulously cleaned, 
completely filled with mercury and then set upright. The mercury 
falls to the height where it balances the air pressure and leaves a 
vacuum on top. 

The ordinary barometer is the aneroid. It is simply a springy 
steel box with no ait inside. The air squashes it in and the 
spring pulls it out, and the box settles in a position where the 
air pressure is just balanced by the spring. If the air pressure 
increases, the box is squashed in a little more: if the pressure 
decreases, the spring pulls the box out a little more. 

The motion is rather small, so a system of levers and cogwheels 
magnifies it so that it moves a clock hand. The advantage of 
the aneroid is that it is small — some are no bigger than a watch — 
and also that there is no mercury to spill. These two facts make 
it portable. Against an aneroid is the fact that springs ofte'.i 
get weaker as dmc goes on, and as it is the spring that balances 
the air pressure, the readings will alter. For accurate scientific 
work, a mercury barometer — ^with many refinements — is always 
used. 


THE FLOW OF GASES 

The flow of gases is almost exactly like the flow of liquids. 
Since gases are light, and their molecules are so far apart that 
they attract each other but slightly, gases are very easily set 
moving, and it is quite difficult to keep them still. All that was 
said about the streamlining in liquids is true for gases. 

Gases form eddies. The ordinary cyclone or “depression” 
which we read of in the “Weather Report” is a large but fairly 
feeble eddy of air: a tornado is an intense and rapid vortex of air. 
These we shall talk of again in connection with weather. Gases, 
however, give us the best chance of studying a ring-vortex, the 
ordinary smoke-ring. Some accomplished people can blow 
smoke-rings. Most of us are content to make them with the help 
of a boot box with a round hole the size and shape of a penny in 
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one end. The best smoke is made by putting in the box two little 
saucers, one containing concentrated hydrochloric acid, the 
other the strongest ammonia, the vapours of which mix and give a 
dense white smoke of particles of sak-ammoniac. If, however, 
these potent chemicals arc thought objectionable, smouldering 
brown paper can be put in a saucer in the box or the lid can be 
lifted at intervals and tobacco smoke blown into it. In any event, 
when the lid of the box is tapped, a beautiful smoke ring issues 
from the hole. Look at a smoke-ring carefully; you will see that 
it is always turning itself inside out, like a rubber ring rolled 
down a broom stick. This motion gives us a clue as to why you 
get a smoke-ring by tapping the box. 

The tap shoots a column of smoke out of the hole. The 



PiG. 57. — Smoke-rings 
(F’^om Sherwood 
Taylor’s i'he Yontg 
C/jewtst, by pemiis- 
si.in of Messrs. 
NVlson.) 


inside goes out unhindered, but the edge of the box delays the 
outside. This sets the gas between the middle and edge spinning, 
and it “rolls” forward through the air just as a ball rolls along 
the table. The friction of the air slows it up, and after a time 
the spinning becomes slow and air currents blow the ring away. 


COMPRESSED AND LIQUEFIED GASES 

Nearly all the machines or inventions that employ air use it 
for its compressibility. Pneumatic tyres, air-guns, pneumatic 
drills, chisels and riveters all make use of the fact that pressure 
makes air contract and that when the pressure is released, it 
expands once more. Air behaves like a perfect spring. 
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Air-cushions and air-mattresses are comfortable because they 
spread the pressure of the body evenly over it. If you sit on 
a small hard chair, the hundred pounds odd of your body is 
supported by the two bony projections from your pelvis (“ischial 
tuberosities”) in your buttocks and these squeeze a layer of muscle 
and skin between themselves and the chair. If one is thin, the 
pressure on this muscle may be zo or jo lbs. pei square inch. If 
one is fat, a thick layer of liquid fat may keep the bones away 
from the chair and distribute the pressure over perhaps a hundred 
square inches. This makes the pressure perhaps only one pound 
per square indi — ^which is much more comfortable. Now lie on 
an air mattress. The pressure on it is a hundred pounds, but it 
is spread over about six square feet (about a thousand square 
inches) so that the pressure on each square inch of the body is 
only one tenth of a pound. 

Air and all other gases are very compressible and if the pressures 
are not too enormous they are all equally compressible. It may 
setm odd that gases as different as oxygen, hydrogen, chlorine, 
and steam are all equally cor'pressible, but the reason is not 
difficult to understand. 

It follows first from the fact that all molecules have the same 
average energy at any given temperature; in other words, any 
molecule at, say, 10° C., whether of oxygen or hydrogen or 
chlorine, on the average liits just as hard as any other. The light 
swift molecules of hydrogen on an average hit just as hard as 
the slow heavy ones of chlorine. Secondly, it follows from the 
interesting fact that the same volmne of any gas contains the 
same number of molecules. In actual fact, a gallon of oxygen, 
hydrogen or any other gas at o® C. contains 1.23X10®* 
(123,000,000,000,000,000,000,000) molecules. 

Very well, then, every gas contains (under the same conditions) 
just as many molecules as any other and every kind of molecule 
on the average hits just as hard as every other kind, and it is 
the blows of these molecules that are the pressure of a gas. If 
1 sit on an air-cushion, why does it support me? The gas has no 
more substance in it dian a swarm of gnats, but the myriads of 
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molecules are beating against whatever restrains them with the 
speed of rifle bullets and it is the rain of tiny blows on the inside 
of the air cushion that supports me. 

Now suppose you put enough pressure on a gas to halve its 
volume — to make a pint of it into half a pint. That half-pint 
has as many molecules in it as the pint had. There are twice as 
many molecules in the gas, so it hits twice as many blows on a 
given area as it did when it was a pint. Accordingly, it is thrusting 
on its container twice as hard and it has twice the pressure. 

The rule then is, double the pressure and you will halve the 
volume — or in scientific language, “The volume of a gas at a 

given temperature is inversely as 
the pressure upon it.” This is 
called “Boyle’s Law,” after the 
famous Robert Boyle, who dis- 
covered it in 1662. Fig. j 8 ex- 
presses very simply what happens 
if pressure is put upon any gas. 

But you may say — “If it is 
true that each time you double 
the load you halve the volume, it 
follows that a big enough load 
would make the gas disappear 
almost to nothing; where, in that case, would the molecules go?” 
The answer is that Boyle’s Law is only true at pressures which 
are not too high. 

The molecules are crowded by tiie pressure towards each other, 
and when they get very near to each other they get within the 
range of each other’s attraction. If the gas is one like carbon 
dioxide or sulphur dioxide, the crowded molecules may pull on 
each other so strongly that they hang together and Ae gas 
becomes a liquid. It is thus possible to turn many gases into 
liquids simply by compressing them. Ammonia, carbon dioxide, 
sulphur dioxide, chlorine and some other gases can easily be 
turned into liquids in this way. Any gas in fact can be turned 
into a liquid by compressing it — as long as it is not too hot. 



Fig. 58. — Showing how a gas is in- 
fluenced by pressure in accordance 
with Boyle’s Law. 
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The jostling ot the molecules, which we call heat, prevents the 
molecules clinging togethet and making a liquid; the attraction of 
the molecules pulls them togethet and causes them to make a liquid. 

If there is a strong attraction, as with ammonia or carbon 
dioxide, pressure will liquefy the gas even if fairly warm; but 
gases like oxygen or hydrogen can only be liquefied by pressure 
if their molecules are calmed down by a great deal, of cooling. 
So, if we try to see what happens if we compress a gas to the 
greatest extent possible, we find that it starts by halving its volume 
each time we double the pressure. Then we begin to find it more 
than halves its volume when we double the pressure on account 
of the molecules attracting each other. Then either the gas 
collapses into a liquid or, if it is too hot to do this, increase of 
pressure drives the molecules still nearer and makes the volume 
smaller. Now the molecules get so close that they repel each 
other, and as their outer rings of electrons get nearer the repulsion 
between them gets huge and the gas becomes more and more 
difilcult to compress and finally is incompressible as a liquid or 
a solid. The liquefying of gases is an important industry. A gas 
takes up severd hundred times as much room as it does in the 
form of a liquid and so if we want to send it by train, or ship it, 
it is best to send it as a liquid. Qilorine gas — the green poison- 
gas — is used for many quite beneficent purposes such as bleaching, 
making dyes, medicines, etc. A ton of chlorine as gas would 
have a volume of 4Z2 cubic yards. It would take about forty 
railway trucks to hold it. 

If chlorine is compressed, it collapses to a greenish Uquid, 
which is run into closed steel boilers mounted on railway wheels. 
A ton of chlorine as liquid occupies only one cubic yard. The 
chlorine under the pressure of some seven atmospheres (105 lbs. 
per I square inch) in the boiler remains liquid permanently. If the 
boiler were to be smashed up in a railway accident the effects 
would not be quite as disastrous as might be expected, for the 
evaporation of the liquid would cool it intensely and the gas 
would be but slowly evolved. 

Gases like oxygen and hydrogen will remain liquid only at 
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very low temperatures ( — 1 50® to - 250® C.) and so it is almost 
as difficult to keep them liquid at ordinary temperatures as it 
would be to keep water liquid if the world were red-hotl Accord- 
ingly, we transport oxygen and hydrogen compressed in cylinders 
to 120 times the pressure of the air. If the cylinder holds i cubic 
foot, we can accordingly pack 120 cubic feet of gas into it. 
Higher pressures would be too dangerous. 

Air, oxygen and such other gases as cannot be liquefied by 
simply compressing them at ordinary temperatures are now 
easily liquefied on the large scale by what is called “regenerative 
cooling.” 



Fig. 59. — ^liquefaction of air, very diagranunatically illustrated. Com- 
pressed air at room temperature enters at A and expands in the engine D, 
so doing work at the expense of the energy of its molecules. The 
issuing cold air passes out through the tubes B, so cooling the incoming 
air before it reaves the engine. When the incoming air is so cold that 
it liquefies on expansion the liquid air collects at R. (Courtesy of 
Messrs. Dunod & Cie., from Claude’s Air Uquide^ Agpte^ 

Gaz R^es.) 

To liquefy air, we want a temperature of - 185® C., compared 
to which the North Pole is a hot-house. Now cooling is just 
the slowing up of molecules: to liquefy air we want to slow 
up its molecules. How shall we do this? Well, if you want to 
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slow up a stream of water you can make it push a water-wheel 
round; if you want to slow a horse, let it pull a cart; if you want 
to slow a molecule, let it do some work and so part with some 
of its energy. The method finally adopted is this. First compress 
your air and let it cool down to room temperature. Then make 
your cold compressed air push the piston of an air engine round. 
The piston is speeded up only by slowing the molecules down; 
in odier words by cooling them. The air which comes out of 
the engine is at about - 50° C. But this is not nearly cold enough; 
and this is where the clever trick comes in — ^we use this cold 
air to cool the compressed air before it teaches the engine. 
Our next lot of air reaches the cylinder at, say, - 40“ C, and by 
pushing the piston slows down its own molecules and comes 
out at, say, — 90° C. This very cold air cools the incoming ait 
still more, so that ever colder air goes on coming into the cyUndet 
and ait much colder still leaves it, until quite soon - 180® C is 
reached and the air liquefies. Liquid air boils at about -i8j®C., 
and therefore boiling liquid air is a very good means for making 
things extremely cold. 

Plate VII shows some of the interesting properties of liquid 
air. In Plate VII, A, B, some mercury has been poured into a 
circular groove and frozen to a solid ring by pouring liquid air on 
it. The ring when dipped in water freezes on to itself a layer of 
ice and at the same time melts to liquid mercury which can be 
seen flowing away. Any moist substance freezes to a stony 
hardness: grapes and flowers (Plate VII, C, D) which have been 
frozen in liquid air can be broken with a hammer as if they were 
made of glass. Indiarubber cooled in this way is as brittle as 
sealing-wax (Plate VII, E). Despite its intense cold liquid air can 
safely be poured over an unprotected hand (Plate VII, F): the 
warm hand makes the liquid air evaporate to gas and make a 
nonconducting cushion between itself and the palm. Air contains 
nitrogen and oxygen: since the nitrogen evaporates more quickly 
than the oxygen, the liquid after standing consists mainly of 
liquid oxygen. Oxygen is the gas which combines with sub- 
stances when they bum. In Plate VII, G, a cigarette has been 
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soaked in liquid oxygen at - 183° C. In spite of this mote than 
Arctic cold it blazes so furiously when lighted that it is consumed 
in a few seconds. 

A final curious effect of liquid air is to make many dark-coloured 
substances paler. Sulphur (Plate VII, H) becomes snow-white 
when cooled in liquid air: when it is allowed to warm up it 
becomes yellow once more. 

Just as we can cool a gas by making it do work, so we can 
heat it by doing work upon it. Suppose, instead of letting the 
gas push the piston, we apply power to the piston and make it 
push the gas. This speeds up its molecules and makes it hot. It 
follows, then, that if we compress a gas it becomes hotter. The 
best example of this is seen in a bicycle pump, which becomes 
very warm when a tyre is inflated. You might think this was 
due to the friction of the piston, but if you try working the 
pump without a tyre, you will find it does not heat up noticeably. 
Another very diflerent example is the Fohn wind. If the wind 
blows from the top of a high mountain where pressure is low 
to the bottom where pressure is high, the air in the wind becomes 
compressed and gets much warmer. A warm wind of this kind 
is often experienced in Switzerland and is called a Fohn. The 
same thing is often found in Canada, where the wind blows 
from the top of the Rockies to the plain below; two feet of snow 
have sometimes been melted in a single day by it. 

The expansion of a compressed gas is used in driving steam- 
engines, petrol-engines, hot-air engines, etc., but these may be 
left till pages 261-275. The air-gun and explosives will give us 
sufficient examples for the present. An air-gtm is an arrangement 
by which air is pumped into a receiver and then used to force a 
lead slug out of the barrel of a gun. Its efficiency is only limited 
by the pressure of the air it contains. 

The ordinary rifle also works by compressed gas and makes 
this gas in the cartridge. A cartridge is a box of some fairly 
soft metal containing at the base a cap filled with some explosive 
which goes off very easily when struck. The body of the cartridge 
contains some comparatively slowly burning explosive like cordite 
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which is mainly guncotton, a substance made by soaking cotton 
in a mixture of nitric and sulphuric acids. Now, a molecule of 
guncotton is a string of units each of which contains six atoms 
of carbon, seven atoms of hydrogen, three atoms of nitrogen 
and nine atoms of oxygen, all stuck together in an insecure 
&shion. The chemistry of explosives is considered again on pp. 
635-637. Let a flame once touch it or let it receive a redly 
hard blow and the unit breaks up into some ten molecules of 
various gases, carbon monoxide, steam, nitrogen, etc. 

Now you can put a gram of cordite in a cubic centimetre space. 
But the gram of mixed gases it turns into would at atmospheric 
pressure and temperature occupy about a thousand, cubic centi- 
metres of space. But the heat of the corriite flame is near two 
thousand degrees centigrade, so that the gas would be greatly 
expanded and would occupy several thousand cubic centimetresl 
The result of several thousand cubic centimetres of gas, being 
produced in a cartridge which holds only one cubic centimetre, 
is an enormous pressure. In a modern ride, the maximum 
pressure on the base of the bullet is not far from a weight of two 
tons, and consequently the expanding gas drives it out of the 
barrel and, bursting fordi behind it, makes a wave of compressed 
gas which, when it presses on the drums of our ears, we hear as a 
report. Plate VI shows a triumph of photography, a picture of a 
bullet leaving a revolver. The photo was taken by the light of an 
electric spark. The bullet and the compression wave are very 
clearly seen. 

Gases expand very largely when they are heated. We saw that 
a cubic foot of steel expanded by 5 cubic incites when heated 
from 0° C. to 78“ C., while a cubic foot of alcohol expanded 
130 cubic inches over the same range. A cubic foot of air when 
heated from 0° C. to 78® C. expands by no less than 493 cubic 
inches. An interesting thing is that all gases expand to exactly 
the same extent when heated under the same conditions, which 
is by no means true for liquids or solids. When a liquid or solid 
is heated and expands there ate two forces at work. The mole- 
cules are speeded up and so tend to swing in bigger orbits or 



140 T/fe V^orld of Scimee 

to get further from each other. This effect is the same for all 
solids or liquids. But the attraction of the molecules opposes 
this effect; consequently substances whose molecules attract each 
other strongly will expand little and vice versa. But the molecules 
of gases are too far from each other to attract each other appre- 
ciably, so the effect of heating them is simply to increase the 
speed and energy of the molecules and make them bounce off 
each other harder and so fly farther apart. As the same rise 
of temperature means the same increase of energy, all gases 
expand equally. 

The expansion of gases is very large, but it is not very useful 
for measuring temperatures because they expand and contract 
not only when the temperature alters Isut also when the air 
pressure alters. The expansion of a gas is sometimes used to 
measure rather high or very low temperatures and also for very 
accurate work. An air thermometer is rather a difficult afBur to 
handle, and it is used only in the laboratory. 

The expansion of a gas is easy enough to see. Hold a toy 
balloon (filled with air, not hydrogen) near the fire and you will see 
it swell up and grow tighter and larger. Put an empty botde in 
hot water, take it out and cork it; let it get cold, pull out the cork, 
and you wiU hear the air hissing past the cork as you remove it. 

A gas expands very much when it is heated and air conse- 
quently gets lighter (less dense) when heated, 'fhe most obvious 
example of this is the obsolete hot air balloon, the first machine 
which took an adventurous man into the air. If a balloon is to 
float in the air, it must weigh jtist the same as the air whose place 
it is taking. If the envelope of tlie balloon, the car and its occu- 
pants weigh 400 lbs., then the air or gas in the balloon must be 
400 lbs. lighter than the same bulk of outside air. 

Now, suppose we warm some air from zo“ C. to 100° C. It 

expands to — of its volume, or in other words 293 lbs. of the 
^93 

hot air take up the same room as 373 lbs. of outside air. So that 
293 lbs. of hot air and 80 lbs. of envelope, man, etc., will together 
just float in air at 20” C. 
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So 5 X 293 lbs. of hot air woiild lift 5 x 80 (or 400) lbs. of 
balloon and occupants. Now 1465 lbs. of hot air is a lot. A 
pound of hot air occupies about twenty-five cubic feet, so the 
balloon, to lift 400 lbs., would have to hold about 57,000 cubic 
feet, which means that if the balloon was round it would be 
about '40 feet in diameter, not an impossible demand. The first 
hot-air balloon was lifted by a fire of chopped straw burnt 
beneath the opening of the balloon. The obvious danger was fire; 
consequently hydrogen, much lighter than any hot air, has been 
used in balloons for the last hundred years and more. The 
inflammability of hydrogen is a serious danger in airships pro- 
pelled by internal combustion engines: consequently, in the 
U.S.A. where the light and non-inflammable gas helium can be 
cheaply made from natural gas (p. 228), airships are filled with it. 
In Europe the cost is prolubitive. 

Hot air balloons are still seen at firework shows, and a well- 
known paper toy sold in crackers ascends nobly to the ceiling 
by the same means. 

The lightness of hot air has many far more important uses. 
It makes the smoke go up the chimney, the “fug” in a hot room 
go to the ceiling, and carries smoke away from our towns. The 
pilot of an aeroplane or glider flying from a cool grass meadow 
over a baking hot piece of ploughland feels a current of warm 
air carry him up with it, and the pilot of a glider uses these 
currents to gain height. Cold air, of course, also tends to sink. 
You would expect that a garden at the bottom of a valley would 
feel less frost than one on a hill, but actually the cold atr flows 
down to it, and it has the worst frosts of all. 
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POWER 

CHAPTER VII 
Speed 

RELATIVE SPEED 

T he first and most obvious thing about all the elaborate 
machinery by which our civilised world is run is that it 
moves. In a sense, we can think of nearly all machines as being 
arrangements for turning one sort of motion into another sort. 

A trip-hammer turns the round-and-round motion of a pulley 
into the up-and-down motion of a hammer; a typewriter turns the 
pressure on a key into a sharp accurate rap with the type-face 
followed by a shift of the carriage; a pump converts the rotatory 
motion of a wheel into the motion of water along a pipe. 

If we are to understand machinery, then, we must know 
something about motion. 

There arc four chief things we can say about a moving thing. 
First, how fast is it moving? Second, is it speeding up, slowing 
down or remaining at a steady speed? Third, in what direction is 
it moving? Fourth, how much matter is moving? 

First of all, let us think about speed, and let us take a car as the 
object moving — for you cannot think of motion without some- 
thing which moves. 

How fast is the car moving? You look at the speedometer and 
say *‘35 miles per hour/* by which you mean, that if the car 
went on at its present speed in a straight line for an hour, it would 
be 35 miles distant from its present position. This seems all 
right until someone says “The earth is spinning so fast that a 
stationary cat on its surface is moving at about 700 miles an 
hour: your car is going due west, so really it is travelling at 
700 -35, that is, 665 miles an hour backwards** 
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Fig. 6o. — ^R elative vdodty. 


You find it 
hard to deny 
this until some- 
one says, “But 
the earth is 
travelling once 
a year round the 
sun, in an orbit 
ninety-three mil- 
lion miles in 
radius. It is 
therefore going 
at the rate of 
43,000 miles an 
hour and, as the 
time is midday, 
this speed is 
carrying the cat 
forward at the 
rate of 43,000- 


66j or 42,335 miles an hour.” 

“No,” says the third hearer, “for the whole solar system is 
drifting through space towards the star Vega at 45,000 m.p.h., 
and consequently ^e car’s speed is 87,355 ni.p.h, 

“But,” says the fourth, “are you sure that the stars, by the shift 
of which we judge the sun’s drift, ate really still? They may all be 
moving away from us at 10,000 miles an hour. If this is so, we 
must be going io,ooo miles per hour quicker than we think.” 

The moral of all this is, that there is no possibility of saying 
at what speed a thing is moving. All you can say is how much 
faster it is going than something else. 

The car is moving at 55 miles an hour relative to the earth’s 
surface. By this, we mean, that if we drive a peg in the earth at 
the beginning of the hour and let the car move at the same pace 
for an hour, then drive another peg, they will be 53 miles, 
measured along the earth’s surface, apart. The surface of the 
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earth U moving at 700 miks an hour relative to its centre. This is 
a little more complicated. 

Suppose we imagine a rigid stationary framework built roimd 
the earth and the centre of the earth fixed to it; a mark is made on 
framework opposite, say, the spire of Salisbury cathedral. An 
hour later, another mark is made on the framework opposite the 
new position of the spire. If these were 700 miles apart, the spire 
would be travelling at 700 miles an hour relatively to the 
centre. 

Again imagine a vast scaffolding erected, fixed to the sun’s 
centre, and moving with it (if the sun does move). Mark the 
posidon of Paddington station on this framework at 10 a.m. and 
again at 1 1 a.m. If the two marks are 40,000 miles apart, the earth 
is moving at a speed of 40,000 miles per hour reladve to the 
sun. 

All this leads up to the very odd conclusion that there is no 
absolute modon. There is no difference whatever between not 
moving at all and moving steadily at, say, a million miles an hour 
as long as everything else is moving with you at the same speed. 
If the earth is dashing through space at twelve miles a second, it 
makes no difference to anything on the earth as long as it meets 
nothing from outside the earthi 

Sdll more, suppose the earth and something else, say a meteor, 
were alone in space and getdng nearer to each other at zo miles a 
second. Is there any means whatever by which we can tell if the 
earth were sdll and the meteor, which is going to hit it, were 
going at 20 miles a second; or whether the eaith were going at 
20 miles a second and the meteor were sdll? The crash would 
be just the same, and there would be no way of telling which 
were moving: for this and other reasons. Science has come to the 
opinion that there is no such thing as speed, pure and simple, but 
only relative speed. Most speeds in everyday life arc measured 
reladvely to the surface of the earth, and it is mostly in astrono- 
mical matters that the quesdon of reladve modon arises. 
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MEASURING SPEED 

We measure speed as a rule in miles or kilometres per hour. 
Engineers often measure it in feet per second, and men of science 
usually in centimetres per second. 

Many different arrangements are used for measuring speeds. 
In most of them, vrc time something over a distance and so have 
to measure a time and a distance. 

Perhaps the simplest case of speed measurement is the timing 
of the winner of a race. The judge tests his watch to see if it is 
accurate. He starts it as he sees or hears the gun and stops it as the 
runner crosses the line. In this way, the time is measured to ^ 
of a second. The distance is measured with a tape measure or 
better with a surveyor’s chain which does not stretch. If the 
runner goes loo yards in lo seconds, he would- go (if he could 

run for an hour at the same pace) ^ 3 *^°° yards = 20/’^ 

10 

miles in an hour. But we have not really measured the runner’s 
speed at any moment: we have only measured the speed at which 
he would have moved if he had run from start to finish at the 
same pace. This is true of almost all speed measutements: they all 
measure the average speed of something over some given 
distance. 

The simple method of timing which depends on a man’s eye 
and a stopwatch is now not considered good enough even for 
timing important athletic events, let done very high-speed 
events like the world’s land or air speed records. In 1935, Sir 
Malcolm Campbell broke the world’s land-speed record with an 
average speed of 301.129 m.p.h. over a measured mile. This 
speed was the average of two runs in opposite directions, as is 
required for such a record. An error was made by which his time 
for one run was given as 12.18 seconds instead of 12.08. The 
former figure gave 298.013 m.p.h. for this run, the latter gave 
295.566. Thus a difference of only second made a dilference 
of a.447 ntp.h. in the result. No one can judge time by a stop- 
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watch closet than to y second; conse<]aentl7> 4 stopwatch is 
useless for high-speed work. 

Athletic events and others where the speed is not too great for 
high speed photography can be timed by taking on the same film a 
high speed cinema film of the runners and an accurate chrono- 
meter! V^lien the film is developed it is quite easy to see the time 
when the winner crossed the finishing line. Plate VUI shows 
such a record of a racing aeroplane. 

The electric current moves so neatly instantaneously that it 
gives us the best way of timing anything, such as a car, which 
moves extremely fast. If we can make the moving car switch on a 
current at the beginning of the measured mile and do the same at 
the end, we can make these currents register themselves. 

In one form of this apparatus (Fig. 61), a ribbon of paper is 
drawn steadily along by a clockwork motor: two pens rest on it 
and draw two straight lines. The near pen is drawn aside exactly 
every half second by an electromagnet which receives an impulse 
of electric current through a switch which is opened and shut by 
an accurate clock. So, as the paper is drawn xmderneath it, the 
neat pen draws a line with a series of kinks, each of which was 

made just half a second 
after the last. The otlier 
pen is pulled sideways by a 
spring, but just held from 
moving by a strong per- 
manent magnet. This 
magnet has insulated wire 
coiled round it in such a 
way that when the current 
flows through the wire, it 
is oppositely magnetised 
and so ceases to be a 
magnet for the moment. 
The coils ate joined to 
wires which go through a 
or 3 dry cells (not 
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Fig. 6x: — D iagnm illustrating the principles 
of the electrical timing of a race. 
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to “contact strips” lying on the track at the beginning and end of 
the measured mile. 

These strips are long closed rubber tubes with two brass strips 
attached to their Inside surfaces and, therefore, kept apart by the 
air-pressure. When the car runs over the first, the brass strips 
touch and the current flows instantly through them and the 
battery to the magnet coils. The coils demagnetise the magnet 
for a moment and it can no longer hold the pen which flies 
off and makes a mark across the moving strip. Other magnets 
then at once pull the pen back to where it was before. W'hen 
the car crosses the second strip, the same thing happens again 
and another mark is made on the strip. By counting the half- 
second kinks between the two marks, the time is known to the 
nearest half second. If the timing marks come between two half- 
second kinks, we can measure the distance from the mark to the 



Fig. 62. — A speedometer. The governor turns with the shaft connected 
directly or indirectly to the wheels. The weights on it fly outward and 
draw backwards the lever, which carries the toothed quadrant, which in 
its turn operates the hand on the dial. The mileage counter (inset) 
gives a good example of the use of worm gearing (p. 186} to reduce 
speed. (Courtesy of Motor Cycling,) 
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kink to one hundredth of an inch. The “kinks** ate two inches 
apart, so it is possible to measure the time to ^^^th of a 
second. 

The ordinary speedometer has a shaft, connected by some form 
of gearing to the transmission or to the wheels of a car, and it 
measures the speed at which this shaft is turning. 

In the instrument shown in Fig. 62 the four weights hinged 
to the turning shaft fly outward against the pressure of a spring 
as the result of the “centrifugal force.** These weights by so doing 
operate the gearing moving the hand on the dial. 

In other patterns of speedometer the turning shaft operates a 
little dynamo and generates electricity. The greater the speed, 
the higher is the voltage. This is measured by a voltmeter the 
dial of which is marked in miles pet hour instead of volts. 

The only man-made object which goes faster than a racing car 
or aeroplane is a rifle bullet or shell. The arrangement used for 
car timing can be employed, the bullet being made to cut two 
electric wires. There are two ways of timing bullets which arc 

easier to use than this. 
In the first method, 
two paper discs (Fig. 
63) are spun round 
very rapidly on the 
same shaft and the 
bullet is fired through 
both of them. Be- 
tween the time it goes 
through the first and 
second, the discs will 
turn a little and the 
holes in the two discs will not be exactly opposite each other, and 
will show how far the discs have moved. Thus, in an actual 
example, the discs spun at the rate of 33 turns a second. The 
distance between them was a foot and the position of the holes 
showed that the discs had made turn while the bullet travelled 

between them. One turn takes of a second, so of a turn 
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Fig. 63, — Timing a revolver bullet. 
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takes X of ^second, so in -seconds the bullet goes a 

24 X 55 

foot and in a second it goes 24 x 55 feet = 1320 feet; 1,320 
feet per second is 900 miles per hour. This is slow; for some 
bullets travel at speeds of 3,000 feet per second, or even more. 

All the methods we have described measure the average speed 
of something over a distance: there are one or two ways of 
measuring the speed of a thing at a particular moment. The 
first is simple. Let it collide with something and see how hard it 
hits! This would not be of much use for a racing car, but it does 
very well for a bulletl If the bullet is fired so that it beds itself 
in the wooden face of a heavy pendulum slung in the particular 
way shown in Fig. 64, the faster the bullet is travelling, the 
further the pendulum will be swung backward. The distance it 
swings can be measured by letting it push a brass rod (R) back 
over a scale. Suppose the 
pendulum weighs 120 lbs., 
and the bullet tV lb., and 
the pendulum took ^ 
second to swing from 
right to left and it was 
pushed back three inches 
by the blow of the bullet 
then not very difficult 
mathematics show the 

speed of the bullet to pjg^ — Measuring a bullet’s speed by a 
be ballistic pendulum. 

X ^ ^ =2,011 feet per second. 

r’ s 7 X 12 X J 

One of the most important speeds to measure — and one of the 
most difficult — is the speed of a ship. It is quite easy to time a ship, 
but it is not at all easy to tell how far it has gone. In cloudy 
weather there may be no chance of seeing the stars or sun, from 
which the position of the ship can be calculated. Accordingly — 
nnlpsa wircless signals can be employed — the captain must 
judge where he is by plotting out on the chart, first his direction 
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(ftom the compass readings), then the distance, whidi he gets 
from the time he has travelled and the speed. The speed is 
measured by throwing the **log’* overboard. 

The oldest method is to throw overboard the log-ship, which 
is a piece of wood weighted with lead to keep it upright in the 
sea. It is assumed that will remain still relative to the water. 

To the log-ship is attached a thin line which leads to the ship. 
The line is then allowed to run out from a reel and enough line is 
first run out to leave the log-ship clear of the ship’s wake. The 
line has a knot on it every 47 ft. 3 inches, and the number of 
knots that pass through the officer’s hand in 28 seconds (measured 
by an hour glass) is counted. Now 47 ft. 3 in. in 28 seconds 
is I nautical mile (6,080 feet) an hour, so that, if say, 6 knots tun 
out in 28 seconds, the ship is going 6 nautical miles an hour — 
(“six knots”). 

The log-ship is nowadays only used on small boats and various 
automatic logs are now preferred. Forbes’ log is a better arrange- 
ment. A tube is set in the hull so that, as the ship moves, water 
enters at the forward opening, turns a little propeller inside the 
tube and returns to the sea by an opening further aft. The speed 
of the propeller will depend on the flow of w'ater which again 
depends on the speed of the ship. Each time the propeller turns 
it sends an electric impulse to a counting dial, so registering the 
distance the ship has gone: it also works a little electric dynamo, 
the voltage of the current from which depends on the number of 
revolutions it makes: this current operates a voltmeter, the 
needle of which shows the speed of the ship in knots. 

By these methods the speed of the ship relative to tie sea is got. 
But the sea is always moving over the earth, and so the ship 
which the captain has found to be travelling, say, at 12 knots 
faster than the sea, may be in a contrary current of 4 knots, and 
so be travelling at 8 knots only relatively to the sea bottom. 

In shallow water, a ground-log which sticks to the bottom can 
be used, but in deep water, the currents must be looked out on 
the chart and due allowance made. The fact that currents vary 
with wind and tide makes “dead-reckoning”— as this way of 
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finding a ship’s position is called<— 4 tather uncertain one and 
many good ships have been lost through trusting it too well. 

Is there any limit to speed? Relative speed is the only speed 
we know anything about. The slowest speed possible is ob- 
viously rest; W the quickest speed? At one time it was thought 
that there was no reason why two objects should not be moving 
towards or away from each other with any speed however 
enormous. Einstein, however, showed that no speed relative to 
the observer could be greater than that of light: 1 86,300 miles per 
second. The arguments for this are such as a book of this kind 
cannot give, but it seems quite certain that if m measure time and 
distam by light sig^uh as we do in astronomy — and on earth as a 
rule — the velocity of light is the maximum one which can be 
observed. 

There is real experimental evidence for this. If we measure the 
speed and mass of an electron travelling at enormous speeds of, 
say, 20,000 to 180,000 miles a second, we find that the faster it 
goes, the more massive (heavier) it becomes, and from the 
figures we can work out that if it went at the speed of light, its 
mass would become infinite. Qcarly, its mass cannot be more 
than infinite, so it cannot go more than 186,300 miles a second. 
Now, all matter is made, partly at least, of electrons: so nothing 
can go faster than light. 

It should not be diificult to see that it is not possible to dis- 
tinguish uniform motion from rest. St. Paul’s is at rest, relative to 
the earth’s surface but in rapid motion relative to the sun: It is, 
therefore, both at rest and in uniform motion and there is no 
reason to prefer the view from the earth to the view from the sun. 
It is easy to see that a thing “at rest” remains so until some force 
acts on it and puts it in motion. But a thing at rest relatively to 
one body may be in rapid uniform motion relatively to anotherl 
It must then be clear that a body in uniform motion remains 
moving uniformly until some force is exercised either to speed it 
up or slow it down. This is always a little difficult to picture, 
because, on earth, everything that moves has a force tending to 
stop it — ^the force of friction. As a thing moves, it touches other 
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things and sets their molecules moving too, and in this way it 
parts with some of its motion to the molecules around it. It 
consequently slows down and the surrounding molecules speed 
up or in other words become hot. But, suppose, there was no 
force to impede the thing and no molecule to collide with it, why 
should it ever stop? 


FORCE 


We have already said that a thing remains at rest or moves 
uniformly until a force speeds it up or slows it down. This gives 
us a chance to define what a Force is. 

A Force acting on a body is defined as that which tends to 
increase or diminish its speed in any particular direction. We can 
most easily see what is meant by a force if we think about the 
force whidi the pull of the earth exerts on, say, a pound weight. 
If you release a poimd weight — drop it — ^it always goes in the 
same direction — that is to say, towards the centre of the earth. 
This gives us the first point, that a force is directed. 

The direction in which 
^ a body is pulled, by a 

particular force, is called a 
line of force. Thus 
(neglecting the attraction 
of the sun and moon) 
bodies fall straight to- 
wards the centre of the 
earth. We can picture 
then the earth as sur- 
rounded by lines of force 
radiating out from its 
centre. (Fig. 65). But 
suppose the attraction of 
the moon comes in also. This is very feeble at the earth’s surface 
(only about of the earth’s attraction); in the same way 
the earth’s attraction is rather feeble at the moon’s surface — 




I 

I 


/ / / 
' ^ / I 

/ / / 

/ 


Fig. 65. — ^Lines of gravitational force between 
the earth and moon. (The effect of the sun's 
gravitation is here neglected.) 
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about a hundredth of the moon’s attraction. Even this means 
that a man on the moon (if there were one) who could jump 
eight foot four in height — an easy task on the moon — when 
the earth was overhead, could only jump eight foot two when it 
was underfoot. On earth, high jumpers don’t bother about 
choosing a time when the moon is overhead, for it would only 
give them about an extra two-hundred-and-fiftieth of an inch 

But both the earth and the moon would pull quite strongly on 
a body between them, and Fig. 65 shows the “Unes of force” 
around them. Of course these lines are not really there, but just 
show which way a heavy object like a brick would travel if 
released at any point. The real “gravitational field” is more 
complicated because the attractions of the sun and the other 
planets have to be taken into account. 

The next point about a force is that it causes the body it 
acts on to accelerate — that is to go faster and faster — or decelerate 
— go slower and slower. Consider again what happens if you 
drop a pound-weight. The weight moves more and more 
rapidly as time goes on. If it is dropped (in a vacuum, the air 
exerts a force on the weight and complicates things), it is falling 
at the speed of 32 feet per second at the end of the first second, 64 
feet per second at the end of the next second, 96 feet per second 
at the end of the next second. At the end of each second, it is 
moving 32 feet per second faster than at the end of the second 
before. We express this by saying that it has an acceleration of 
32 feet per second per second. On the moon, which is lighter 
and attracts things more feebly, it would be moving at j feet per 
second at the end of the first second, at 10 feet per second at the 
end of the next second, 1 5 feet per second at the end of the third. 
The acceleration would be 5 feet per second per second. Pretty 
clearly, the stronger the force, the more rapidly it will speed a 
given thing up or slow it down, and we measure forces in this 
way. The usual unit of force is, in England, a pound-weight — 
the force which would make a thing weighing a pound speed up 
at the same rate as if it were falling in a vacuum (32 feet per 
second per second): the scientific unit is a djne^ the force which 
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would make a gram of anythiog go, at the eod of each second, i 
centimetre per second &ster than it went at the end of the second 
before. 


HOW THINGS FAIJ. 

The study of the way things fall gives us a good idea of how a 
force acts. 

Suppose we drop our pound weight over a precipice (imagining 
the air away). At die end of the first second, it will be going at the 
rate of 32 feet per second and it will steadily speed up; there 
is no obvious reason why it should not go on falling faster and 
faster as long as the pull of the earth remains the same. In 
actual fact, this never happens: the air makes the weight speed up 
less quickly, and the quicker it goes, the more does the air’s effect 
on it increase. Roughly, if the weight doubles its speed, the air 
quadruples its resistance: if the weight goes a hundred times as 
fast, the air resists it a hundred hundred — ^ten thousand times as 
much. The result is, that every falling body finally reaches a state 
when the air slows it down just as much as the pull of the earth 
speeds it up. You can see this very easily with a toy balloon 
which has only a small weight but has a big area and therefore a 
large air-resistance. If you release it, it falls mote and more 
quickly for a few inches; then drops at a steady pace. 

The same is true of very small rain drops. They have often 
fallen a mile but are not going any faster than the eye can follow. 
The calculation of this “terminal velocity” is rather complicated, 
because so many things have to be allowed for; but for a perfectly 
smooth ball the following rule holds pretty closely. 

Multiply the radius of the ball (half the diameter in centimetres) 
by itselfi multiply the answer by the density of the ball (the 
number of times it is heavier than the same bulk of water) and 
multiply the answer by 1,220,000. The answer is the greatest 
speed (in centimetres a second) the ball can reach, if it falls 
through ordinary air. First let us consider a tiny droplet of water 
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such as makes up a country mist. It may be ^^jjth of a millimetre 
in diameter, that is, cm. in radius. Its density is one. So the 
utmost speed it will reach is 

— ^ X — i- X 1,220,000 = 1.22 cm. a second. 

lOOO lOOO 

Thus, a droplet like this takes about two seconds to drop an 
inch. In actual fact, movements of the air are always stirring up 
the mist and the droplets hardly settle out at all. 

Next, take a raindrop about two millimetres of an inch) in 
diameter. Its radius is a tenth of a centimetre, and consequently 
its terminal velocity is x X 1,220,000 = 12,200 cm. pet 
second. This is about 274 miles an hour. As a matter of fact, a 
raindrop never reaches this speed because the air pushes it out of 
shape and it is never a perfectly round ball. A sphere falls faster 
than an object of any other shape. 

Finally, consider an iron ball about the size of a tennis ball: 
(diameter 6 cm., density 7). It would reach a speed of 3 X 3 X 7 X 
1,220,000 cm. pet second — ^about four hundred and fifty miles a 
second. Actually, this could not be reached because the force of 
gravity of the earth gets weaker as we get farther from the earth, 
and to get up this speed the ball would have to fall for twenty 
million miles with the earth pulling all the way as hard as it does 
at its surface. 

But these rough calculations and all experiments on falling 
bodies combine to show that everything falling through air, or 
water, in fact any gas or Uquid, can reach a certain speed in falling 
and cannot exceed it. Tlfis has a great importance to animals. 
An animal is a bad shape for quick falling, and its for or feathers 
or hairs give it a big ait resistance. A caterpillar can fall from the 
highest tree and will never fall fast enough to hurt itself when it 
lands. Even a mouse will get only a severe bump which will not 
be enough to kill it. A cat can fall a long way and get only a 
severe shaking. Even a large dog can jump from a window 20 
feet high and not break a bone. A man, on the other hand, is 
likely to damage himself by a ten-foot fall. 

A dating parachutist has jumped from an aeroplane five miles 
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up, and only pulled the cord releasing the parachute \trhen a mile 
from the ground. He found that he reached a velocity of about 
i’4o miles an hour, but actually slowed up to no miles an hour 
when he got to the denser air a mile and a half above the earth. 
This shows that a man who throws himself from an aeroplane 
falls no harder than a man who jumps out of a racing car and 
accounts for the fact that men sometimes survive the most 
surprising falls. 

In a vacuum, which obviously offers no resistance to a fall, all 
objects, light or heavy, fall at the same speed and the caterpillar 
would hit the groimd with as severe a bump — in proportion to its 
weight — as the elephant. 

In water, on the other hand, the resistance to motion is fat 
greater than in air and no creature can sink (by its own weight) 
fast enough to damage itself on the bottom. 

We have thought about what happens when things fall: of 
more practical interest is what happens when they ate thrown or 
otherwise projected into space. Irving aside the resistance of 
the air, if a thing is thrown straight upwards, its upward speed 
gets less at the end of each successive second by 32 feet a second. 
Thus, if a rifle bullet was fired at 5,200 feet per second straight 
upward, after a hundred seconds its speed would be nil, and it 
would start to fall. It can be calculated that it would reach a 
height of about 30 milesl Actually, the air resistance is very 
large indeed, and such a bullet would probably not go more than 
ten or fifteen miles up. However, we do not often want to hurl 
things straight into the air, but we do very often want to hurl 
them at something. 

Take the case of man on a flat plain, a thousand yards from a 
target he is trying to hit with a rifle. The moment the bullet 
leaves the rifle it will start to fall and it will fall all the Hmft ft is 
travelling to the target. We will leave out the air resistance for 
the moment and suppose that the bullet does not slow down on 
the way. The buUet we may consider to move at 3,000 feet 
per second, so it will take one second to reach the target. But 
in a second a bullet falls sixteen feet, so if the rifle is pointed at 
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the bullseye, the bullet will hit the ground. To keep it at the 
right height, we must fire the buUet a little upwards so that it will 
rise for the first half of the journey and then drop just enough to 
reach the level of the target at the end of the second. It clearly 
ought to be at the highest point half-way along its course. 

A bullet (or an)rthing else in a vacuum) falls four feet in half a 
second, so the rifle must be pointed so that the bullet starts 
forward at 3,000 feet a second and upward at the right pace to carry 
it up just four feet before it starts to fall. This pace can be 
worked out to be sixteen feet a second. If the barrel is 5 feet 
long, the bullet is in it for j-noo*^h second. If it is to go up at the 
rate of sixteen feet a second, it must go up 

second, or nearly one fifth of an inch while it traverses 
the 3 feet of barrel. So the end of the barrel must be of an inch 
higher than the breech and this would be assured by making the 




Fig. 66. — The paths of a bullet fired at 1 500 feet per second and at an 
angle of 3 to the horizontal in a vacuum (upper curve) and 
in air (lower curve). The heights are drawn on a larger scale 
than the ranges in order to exaggerate the height of the curves 
and so make their shapes clearer. 


backsight (as adjusted for i,ooo yards range) I" higher than the 
foresight. The bullet does not go straight to tlie target, but 
moves in a curve all the time it is going forward: at first it goes 
quickly up, then more slowly till at the top it neither rises nor 
falls but goes straight on. Then it begins to fall and the curve 
starts tb drop more and more quickly. This kind of curve is 
called a parabola. You can see it very well when a cricket ball is hit 
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into the ait ot when a firehose is played on a building. Actually, 
the path of a bullet or cricket ball is not a true parabola, because 
instead of going evenly forward at the same pace, it slows up 
owing to the friction of the air. The end of the curve is therefore 
steeper than the beginning, as Figure 66 shows. 

A small heavy slowly moving object like a steel bicycle ball is 
least affected by air resistance: a large light object like a toy 
balloon or a very swift object like a bullet is most affected. 

The most remarkable success in avoiding the air resistance 
which slows down projectiles was attained by “Big Bertha,” 
the gun which shelled Paris from 76 miles away. It succeeded in 
hurling a shell, weighing 264 lbs., this enormous distance by 
shooting it into the upper air. The shell at the top of its course 
was twenty-four miles above the ground and for 5 j out of the 76 
miles it travelled through the upper air which had a tenth of the 
density and therefore only a tenth of the resistance of ordinary 
air. To get the shell quickly into the upper air, it was fired at an 
angle of 5 j" to the horizontal with the enormous velocity of just 
on a mile a second. The gun itself was not very excepjional: 
it was very long, so that the force of the explosion acted on 
the shell for as long as possible, and the explosive charge was 
rather bigger than in most heavy guns, it was not very much 
use as a weapon, for it could not reckon to hit a target much less 
than a mile in diameter, and it fired only forty-eight shells before 
it needed reboring. 


GRAVITATION 

We have talked a good deal about the pull of the earth or 
grtmtation without much attempt to explain it. It is, indeed, very 
difficult to explain. Everything attracts everything else, and “the 
force of attraction between two masses varies inversely as the 
square of the distance.” This is a neat way of saying that if the 
force of attraction between two masses is one unit when they are 
25 feet apart, it will be - f- X units (625 units) when they ate 
one foot apart and x xVu (tV *^”^0 when they are 100 
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feet apart. This is Newton’s 
Law of Gravitation, and is the 
foundation of astronomy. 
Einstein’s work has slightly 
modified it by saying the “dis- 
tance” must be measured along . 
“world-lines,” which may be 
slightly curved when near very 
heavy objects like the sun. But 


force 

— 4 

Distanee 


Fig. 67. — Illusttating the distance- 
square principle. 


no one has explained Gravitation yet, and it seems in many ways 
quite unlike the other attractive forces that we know (electrical 
and magnetic). Gravitation is a very feeble force, and is most 
difficult to measure unless one of the attracting masses is a vast 
body like the earth. It is rather important, however, to know how 
much two objects attract each other because in that way we can 


weigh the Earth. 

Suppose a lead ball A weiglis a ton (a million grams), and its 
centre is a metre from the centre of another ball B, which is 


about as big as a large shot and weighs a gram. Now the ball B is 
attracting the eartW with a pull equal to its own weight (1 gm. 


i MfTRE 



Fig. 68. — ^Illustrating a method by which the earth can be 
weighed. 

*The ball, of course, attracts the earth just as much as the earth attracts the boll. 
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weight) and it is attracting the lead ball A with a puU which we 
can measure or calculate from the results of the experiment 
described below; we will suppose it is TBnooonno ^ gram’s 
weight. Now if the centre of the earth and the centre of the ball A 
were at equal distances from the ball B, the earth would be 
150,000,000 times as heavy as A (for it is attracted 150,000,000 
times as much). But the earth’s centre is about 6,000,000 metres 
from B so its force is noconso ^ trocsooD of what it would be 
were its centre only a metre from B. Since in these circumstances 
the earth would appear to be 1 50,000,000 times as heavy as a ton 
weight, it is really 150,000,000 X 6,000,000 x 6,000,000 times as 
heavy and its weight is 5.4 X 10®^ tons. The actual value is 
6 X 10*1 tons.) 

No experiment to determine the force of gravitation can be a 
simple one, because the attraction of two bodies of a size that can 
be handled and at a reasonable distance from each other is only a 
thousand-millionth of their weights. Consequently, the balance 
which will measure this attraction must be fat more accurate than 
even a good chemical balance. All sorts of minute errors have to 
be allowed for. However, we can at least see the kind of way it 
can be done. Professor J. H. Poynting in 1890 set up an apparatus 
like that in Fig. 69. He hung two 40 lb. balls (A, B) of lead from 
the most delicate balance which would bear such a weight. 
Under the balance he had a turntable which bore a mass (M) of 
about 300 lbs. of lead. By swinging this round, he could bring 
the big mass (M) under either of the smaller masses A or B. The 
masses attracted each other, and he found the difference between 
the position of the pointer when M was under A and when M 
was under B. The attraction of M for A was only about equal to 
the weight of a fifth of a milligramme (about the weight of a 
droplet of water, a fortieth of an inch in diameter), and the total 
load on the balance pans was about 80 lbs., so it is not surprising 
that the weighing was most laborious. 

Anyone coming into the room, would, by the disturbance of 
the air and the vibration of their tread, cause a far bigger motion of 
the balance than the attraction of the masses could. Accordingly, 



PLA'l'K VJl 







speed 


i6i 



Fig. 69. — Poynting's apparatus (modified from the author’s drawing. 

Phil. Trans, 1891). 

the balance was set up in a bticked-up cellar, and observed 
through a telescope. The motion of the pointer was nugnified by 
a mirror reflecting a spot of light on to a scale. The turntable 
was worked by a pulley. 

Many such experiments have been done and the conclusion 

6 
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reached is that two masses attract each other with a force equal to 
about one fifteen-millionth of their masses multiplied together, 
divided by the square of their distances. Suppose two locomotives 
and tenders each weighing 200 tons stand side by side. Their 
centres might be 12 feet (nearly 400 cm.) apart. A ton is a 

million grams, so their attraction would be nearly ^ X 

1 5,000,000 

^ 200,000,000 j 

200,000,000 X . — — dynes. 

400 X 400 

This is about 17,000 dynes, which force is about the weight of 
18 grams, nearly half an ounce. So, the two locomotives attract 
each other with a force rather more than the weight of a penny. 

The weight of a body gives perhaps the best idea of a force, 
but there are of course a great number of forces beside 
gravitational ones. Familiar examples of forces are the pressure 
of the ait in a motor tyre, the tension of the wire rope pulling a 
barge, the magnetic attraction and repulsion of one magnet for 
another, the electrostatic attraction or repulsion of a piece of rubbed 
sealing wax for a bit of paper, the cohesion which holds the particles 
of a solid or liquid together. If we think of these rather closely 
we soon see that they boil down to three different kinds of 
force, first gravitational, secondly electrostatic, thirdly magnetic. 

The pressure of the air in a tyre is due to the molecules of air 
“striking” the walls of the tube. They do not really strike it at 
aU: they come very close until the negatively charged exteriors 
of the molecules of ait are electrically repelled by the negatively 
charged exterior of the rubber molecules. In the same way, the 
pull of a wire rope is simply the pulling of the electrically-charged 
iron atoms from their settled position in the lattice against the 
attraction of these atoms. If you object that it is not the wire rope 
that pulls the barge but the horse or tractor, the force they exert 
is stiU electrical. We do not know much about muscular con- 
traction, but it is pretty clearly a shifting of large electrically 
charged molecules. The tractor works by the pressure of gas in its 
cylinder, and we have seen that this is electrical too. 

Magnetic forces are closely related to electrical ones. The 
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latter are the forces between stationary electrical charges: the 
former are due to the alteration in electrical forces which occur 
when electrical charges move (p. 309 ff). 

BALANCING FORCES 

Think now of something which moves steadily — a train going 
at 60 miles an hour. Here, the forces all balance. The steam 
pressure in the cylinders provides a force pushing the train 
forward. The friction of Ae rails, the friction of the air, the 
friction of the internal machinery, the air pressure on the front of 
the train (bigger than that on the back) all add up to make a 
force pushing the train back just as hard as the steam pressure 
pushes it on. Consequently, there is no total force on it, and it 
gets neither faster nor slower. Suppose we slip a carriage. The 
friction is now less because fewer wheels are turning, and there is 
less air resistance, etc., so the steam pressure now pushes the 
train forward more strongly than the reduced friction holds it 
back. The forces now do not balance and there is an excess of 
force pushing the train on. Consequently, it goes faster: but as it 
inoves faster, so the friction becomes rapidly greater. The 
friction increases as the square of the velocity (if you go three 
times as fast, you get nine times the friction); so very soon the 
force of friction gets big enough exactly to balance the driving 
force and the train settles down again to a steady but higher speed 
of, say, 65 miles an hour. If a thing is still or moving steadily, you 
can be sure there are at least two forces on it, balancing each 
other. If a thing is accelerating or decelerating, it is because the 
forces on it do not balance. 

Just as it requires force to stop a thing moving, so it also 
requites force to change the direction in which it is moving. 
It is well known that if an eHbrt is made to turn a car sharply 
when it is moving at high speed, the back of the car tends to 
continue to move in the same direction as before. The adhesion 
of the tyres to the road opposes this, but if the speed of the car 
is great enough, tyres will not hold it, and the bade will continue 
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Fio. 70. — The tendency of the hind part of the cat to continue to 
ttavel in the same direction causes a skid. 


in a straight line while the front turns, and a skid will result. 

A more important fact follows from the need to apply a force to 
change the direction of a force. When a wheel rotates, each piece 
of it is having its direction of movement changed the whole time. 
G>nsequently, each bit of the rim tends to go on in a straight line 
and so fly off the wheel. The wheel holds together only because 
some force acting towards the centre of the wheel holds the rim in 
position. In the case of a fly-wheel, this force is the tension of the 
steel. This inward force is needed to keep changing the direction 
of motion of the rim as it rotates. We often, though not with the 
approval of physicists, regard the tendency of the rotating body 
to leave the cirde as equivalent to a force which just balances the 
inward pull needed to keep the body in its orbit. This outward 
pull of the rotating body is called centrifugal force. If the body 
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does not fly to bits, it is because this centrifugal force is jiist 
balanced by the tension of its material. The notion of centrifugal 
force will be used throughout this book, becaxise those of us who 
are not physicists will find it easy to understand. 

CENTRIFUGAL FORCE 

The force is not very hard to calculate. If any particle is 
swung round in a circle, it pulls away from the centre witii a force 
equal to nearly one and a quarter times its weight in poimds 
multiplied by the radius of the circle in feet multiplied by the square 
of the number of revolutions per second. So, a seven pound weight 
swung round on the end of a three foot string twice a second, pulls 
on the string with a force of I J X 7 X 5 X 2* = 104 lbs. weight. 

It is not difficult to see from this formula that the rim of a big 
flywheel run at high speed must be pulling outward with 
tremendous force. The only way it can get outward is by flying 
to bits: the strength of the metal of the rim prevents this as a rule, 
but occasionally a wheel is run too fast and bursts. A cast-iron 
flywheel with a solid rim will burst if the rim runs at more than 
about 18,000 feet a minute. 

Well, cast-iron flywheels are sometimes 30 feet in diameter, so 
that 18,000 feet per minute rim-speed is only about zoo re- 
volutions a minute, or rather more than three a second. When a 
flywheel does burst, tremendous damage is done. Every bit of 
the metal shoots off with its speed of three hundred feet a second, 
about as fast as an old-fashioned cannon ball: consequently a 
bursting flywheel does as much damage as an exploding bomb. 
The chief cause of the accident is increase of speed. The flywheel 
of an engine may tun at a safe pace while ^e engine diives a 
heavy machine: then the driving-belt breaks and all the power 
of the engine goes to speed up its flywheel and disaster follows. 
The remedy is to have a flywheel of fairly small size, so that the 
engine at its greatest pace cannot drive it at the danger speed. 
Qrcular saws have also been known to burst and inflict terrible 
wounds. It is the usual practice to calculate the least strength of a 
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Fig, 71a. — Section, “Weston” Pivot nnderdriven 
hydro-extractor. (Watson, Laidlaw & Co., en- 
gineers. }The clothes are placed in the inner vessel 
(which is perforated) and rt>tated 1000-1 500 times a 
minute, (t^urtesy of the Gresham Publishing Co.) 


wheel necessary for 
the highest possible 
speed and then to 
make the wheel ten 
times as strong as this. 
The highest speeds 
ever used in engineer- 
ing work ate in cer- 
tain turbines, which 
rotate up to 10,000 
r.p.m., and these are 
not much in favour. 


So far, we have considered centrifugal force as a danger, but it 
is made useful in a great number of machines. The simplest 
perhaps is the centrifugal dryer. Suppose you have a great 
quantity of wet clothes. You can dry them by hanging them in a 
current of air: this, however, wants a good deal of room and a 
good deal of time. If you hang up a wet stocking, a certain 
amount of water is drawn out by gravity and drips off the toes. 
Now, centrifugal force can be made much stronger than gravity. 
So the laundry puts its clothes in a perforated metal basket. 



usually 50 inches in diameter 
and 14 inches deep and spins 
this round 1,200 times a 
minute. The clothes are held 
by the basket: the water is not, 
and flies out sideways. The 
force on the water is about 7 j o 
times its weight, so it is no 
wonder that after ten minutes 
of this spinning, the clothes, 
though not dry enough to 
wear, are dry enough to iron. 
Qiemicals like soda crystals 
are also dried in this way. 

You will remember that a 
fine particle of, say, mud sinks 
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very slowly because its tiny weight is opposed by the buHcts of 
the darting molecules in the liquid round it. Now since centrifugal 
force can be made so much stronger than gravity, a muddy 
liquid which would take days to settle will clear in a minute or so 
if whirled round a thousand times a minute. If a little tube of 
pond water (containing thousands of microscopic creatures) is 
spun in a centrifuge, as the machine illustrated in Figure 71b is 
called, the force drives them all to the bottom of the tube. The 
microscopist can then examine the few drops of liquid at the 
bottom and be confident of finding there all the living creatures 
which were in the water. 

If really enormous speeds are reached, it is possible not only to 
make “large” par- 
ticles like micro- 
scopic animals 
sink, but even to 
cause some of 
the biggest mole- 
cules like those 
of egg-white or 
the red pigment 
of blood to settle 
out. Naturally, 
the bigger the 
molecule the 
easier it is to 
drive it to the 
bottom of the 
liquid, and by 
ceqtrifuging solu- 
tions of various 
compounds, we 
can find out 
the size of the 
molecules. Fio. — ^The cream-scpatator. (From material kindly 

This is useful suppUed by the Dairy Supply Co., Ltd.) 
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because it is precisely the largest molecules which cannot be 
measured in any other way. Svedberg’s ultra-centrifuge rotates 
at such tremendous speeds that a particle in the liquid contained 
in its tube is forced outward with a hundred thousand times 
the force of gravity. 

The cream separator is simply a centrifuge. Cream consists of 
the fat globules in the milk (Plate 1). These ate a little lighter than 
the whey in which they float, but since they are very small, they 
rise to the sur&ce only slowly. In the cream separator, the 
milk flows from a bowl B into a float chamber which is prevented 
from overfliling by a float F which rises and blocks the entrance. 
The milk then goes to the underneath of a nest of metal cones 
(like inverted funnels) which are spun at a high speed by the gears 
(G) and worm wheel (W). The heavier skim-milk is thrown to the 
outside and passes out of the nozzle (S), while the lighter cream is 
forced to the centre, travelling up through the holes in the cones 
till it escapes by the nozzle (C). 

THE GTROSCOPE 

The gyroscope is practically a spinning top. Everyone knows 
that a spinning top stands upright, and that if you push it gently 
sideways, it will bob up again despite the force of gravity. 
The mathematics of the gyroscope are very complicated, but it is 
not difficult to see that anything spinning round an aas resists 
attempts to (Banff the direction of the axis. You can move a gyroscope 
up and down: you can carry it forwards, sideways or backwards 
and feel no resistance, but if you try to turn it through an angle, 
you can feel it resist the motion. The gyroscope is one of the 
most remarkable mechanical contrivances. Every heavy rapidly- 
spiiming wheel shows the properties of a gyroscope, but the 
easiest type to understand is a heavy wheel turning very easily on 
its beatings and set in three frames, so that it can turn in any 
direction, but is neutrally balanced. Now, if this heavy wheel is 
set spinning— the faster die better — it will be found that its 
axis tends to remain pointing in the same direction. Each point on 
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the wheel continues to move in 
the same direction as fat as the 
rotation lets it and, if the axis were 
to be shifted, every point would 
have to change its direction of 
motion. Now, the earth is turning 
all the time: a stick stuck in the 
ground at the equator points at six 
a.m. in a direction at tight angles 
to the direction it had at midnight. 
But the gyroscope keeps its axis 
steady, though the earth moves; 
so if the gyroscope is kept running 
for six hours, its axis will have 
apparently shifted from vertical to 
horizontd. But it is the earth that 



Fig. 73. — Showing how a gyro- 
scope keeps Its axis point- 
ing in the same direction 
and so appears to turn a 
somersault as the earth 
rotates. ‘ 


has moved while the gyroscope stays still. An ingenious gyro- 
scopic clock has been made to work in this way, and although 
it is not possible to make it reliable because of friction at ribe 
pivots, it shows most clearly that tlie earth does really rotate. 
The instrument is just a gyroscope with its axis at right angles to 



PtG. 74. — ^Two pattetDS of gyroscopic clock. The rotating portion (a) and the rings 
(t) and (r) and the pointer (r) attached to them remain still while the frame and 
scale (/) turn with the earth. (Courtesy of hiessta. Spon, Ltd., from Schilovsky's 
, Tie Q/mtvfit.) 
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the ans of the earth: a scale (i) and pointer (f) show how much the 
frame of the gyroscope has shifted, while the ring (c) attached to 
the ring (b) and the axis of the gyroscope has stayed still] 

The diagram of the rotating earth and the stationary gyroscope 
should make this clear (Fig. 73). 

The spinning top stays upright because it is a gyroscope, 
though the mathematics explaining why it rises from Ae ground 
and wobbles and waltzes are extremely complicated. 

Plate VIII gives an idea of some of the things a gyroscope does 
by keeping its axis steady. 

The really important applications of the gyroscope are the 
gyro-compass and the ship’s stabiliser. 

A very interesting property of the gyroscope, on which is based 
its use in the gyro-compass and ship’s stabiliser, is its precession. 
The principle of this is that, if in spite of its resistance an attempt 
is made to push the axis of a gyroscope out of the straight, it does 
not tilt the way it is pushed but does so at right angles to the 
Erection of the push and at right angles to the axis. If you push it west 
it goes north or south according to the way it is turning. 

It is not too difficult to under- 
stand why a gyroscope, unlike 
other things, does not go the way 
it is pushed. 

By pushing the axis to the west 
as in the figure, you are pushing 
the west side of the rotating wheel 
down. Every particle on the west 
side of the wheel will be forced to 
downward motion is 
tips to the noitii. ‘ continued as they travel to the 

north; on the east side, the rim is 
tipped upward and this upward motion is continued to the south. 
The result is that the gyroscope tilts down towards the north 
and away from the south. 

This tilting at right angles to a push is called precession. The 
Sperry ship-stabiliser described below is a gadget which gives a 
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big gyroscope attached to a ship a push at the right moment to 
make it tilt the whole ship the opposite way to the rolling of the 
waves. The preventing of the rolling of ships is obviously a most 
valuable thing. A perfectly steady liner would attract all the 
people who were afraid of sea sicknessl It is easy to see that if a 
huge gyroscope is stowed away in the hold wi^ its axis either 
horizontal and across the ship or vertical, it will resist the attempts 
of the ship to roll sideways and so turn the axis of the gyroscope. 

This has been tried and proved 
very successful in stopping rolling. 

It is not adopted, however, as 
much as might be expected, first, 
because the ship-owner is un- 
willing to sacrifice the space 
needed to stow it, and secondly 
on account of the expense of 
fitting it. The largest liners are 
so steady that it is generally felt 
that there is no need to stabilise 
them. The Sperry stabiliser has, 
at the bottom of the ship, a very 
large gyroscope with a vertical 
axis. A little gyroscope with a 
horizontal axis is also provided. 

Now, when the ship starts to roll Fig, 76.— a large gyroscope in the 
to the right, it tips the small “ 

gyroscope and this precesses This simple arrangement has, 

(tilts forwards) and so operates a however many disadvantag«: 

switch which starts an electric ptktical use. 
motor going in one direction 

or the other, according to which way the ship has rolled. 
The electric motor is geared to the casing of the big 
gyroscope and forcibly tips the whole thing backward. This 
has the effect of making the big gyroscope heel violently 
over to the left and so force the ship in the opposite direction 
to that in which it was driven by die waves. When the wave 
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see from Fig, 73 that the gyroscope, if its 


begins to re* 
cede, the little 
control gyro- 
scope, being no 
longer forced 
sideways by the 
ship, is pulled 
back into posi- 
^ tion again by 
springs. This 
switches off the 
motor and 
^ switches on a 
S brake which 
stops the "pre- 
cession” of the 
f i gyroscope. 
I ii As soon as the 
cj $ ship begins to 
roll the other 
way, the little 
control gyro- 
scope feels it, 
closes the other 
switch, sets the 
motor going 
^ the other way 
and so forces 
the big gyro- 
scope to go to 
the right, so 
stopping or at 
least decreasing 
the toll. 

It is easy to 
axis is pointed to a 
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{>ardcular star (say the North Star) will retoarn pointing to it 
however the earth moves or the gyroscope moves. Suppose we 
start up a gyroscope with its axis pointing to the No^ Star. 
Then, wherever we take it on the earth it will point to the North 
Star and so will operate as a kind of compass. 

A simple g3rro-compa8S of this type would not be practically 
useful, for the moxmting cannot be made perfectly true, and 



Fig. 78. — ^Tbe essential parts of 
gyro-compass. 


consequently minute forces act 
on the rotor and make it precess. 
Thus the best gyroscope that can 
be made shifts its axis by some 
; degrees a day. 

Moreover, near the poles its 
axis wotild be almost vertical. The 
Sperry gyro-compass is an ar- 
rangement by which an electri- 
cally driven gyroscope carrying a 
compass card automatically keeps 
itself horizontal as well as north- 


seeking and by making use of the effect of gravitation, forces the 
gyroscope to return to the north-south meridian even if it has 
been compelled to deviate slightly from it. 

It is essentially an electrically ^ven gyroscope to the axis of 
which are attached two vessels of mercury B, B, communicating 
by a fine tube F (Fig. 78). Suppose such an instrument is put 
down anywhere in the world with its axis and mercury tubes 
pointing in any given direction, say east and west. (Fig. 79 a.) 
As the earth rotates the axis of the gyroscope remains fixed in 


space and so relatively to the earth tips upward on the east side 
and downward on the west, as shown in Fig. 79 b. The mercury 
flows to tlie lower side which becomes heavier and so exerts a 


force (£) on the axis, tipping it downward on the west side. This, 
of course, makes it precess southward on the west side and this 
process continues (Fig. 79 r, d) until the axis and mercury tubes 
are in the north and south meridian. (Fig. 79 e.) This is what we 
require. It is easy to see that once this has happened any dis- 
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placement of the axis from this meridian will make the gyro- 
compass go through stages a, b, c, d, o, once more, and that 
consequently the axis (and compass card attached thereto) will 
oscillate about the north-south meridian, actually shifting back 
and forth through about one degree every hour and a half 

The advantages of the gyro-compass will be best understood 
when the disadvantages of the magnetic compass have been 
discussed (p. 311^ jf)- gyro-compass is a standard fitting for 
the ships of the British Navy and for most large liners. 


CHAPTER Vm 


Simple Machines 

WORK 

T here ace a great many devices by means of which a force 
acting in one direction may be made to act in another 
direction aiid by which weak forces acting over a long distance 
may be converted into strong ones acting over a short distance 
and vice versa. These devices are levers, pulleys, screws, wedges, 
gears and so on, and they are all included under the title of 
“simple machines.” 

When a force acts on a thing without moving it (as for example, 
the earth pulls at the roof of a house without shifting it) no work 
is done. V/ork in the scientific sense is done when a bo^, acted on by 
a force, moves. 

If a pound weight is lifted from die floor to the table, a distance 
of, say, three feet, then we have moved something for three feet 
against a force equal to a pound’s weight. Clearly, the bigger the 
force the more is the work and the bigger the distance it moves, 
the mote is the work. So, allowing ourselves a little mathemadcs, 

W=dxf 

where W is the amount of work and d is the distance through 
which a force / moves. 

Now this has been leading up to our simple machines — levers, 
pulleys, screws, jacks, and so on. The great thing to grasp about 
all machines is that you never get any more work out of them 
than you put into them. In all these machines you move one 
pact with a certain force for a certain distance and the result is that 
another part moves with a different force for a different distance. 

»7J 
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{inch 


Think, for example, of a vice. You turn the handle unth a 
force of say lo lbs. weight for a whole turn. Your hand exerting 

a force of lo lbs. 
weight has moved 
through, say, a 
\ foot. TTie jaws of 

\ the vice move as a 

result, let us say, ^ 
; of an indi. If 

/ there was no 

/ friction, you 

would get as much 
work out of the 
^ ^ vice as you put in. 
V ' The work you put 



Fig. 8o. — ^The vice: a simple machine. 


m was lo lbs. 
weight X I foot. 
The work you get out is the same, but as the jaws only move ^ 
inch foot) yo“ the work done by the jaws is 

(^\ foot) X (the force they exert). So it follows that 

(jfV foot) X (tlie force of the jaws) = lo lbs. wt. x i foot 
and the force of the jaws = lo lbs. wt. X i foot 


foot 

= 960 lbs. weight. 


So a vice gives a way of turning a force of 10 lbs. weight into a 
force of 960 lbs. weight, nearly half a tonl Actually, some of the 
work put in is used up in overcoming the friction of the screw, 
and so the final force is not as much as 960 lbs. weight. 

The general rule for a machine is: — multiply the force you put 
in at one end by the distance it moves and divide by the distance 
through which die “other end’' moves. The answer is the force 
the machine exerts. Something will have to be knocked off the 
answer to allow for friction. 
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LEVERS 


The most ancient and famous machine is the l^vet. We 
do not know who invented it: almost any savage who uses a 
stick as a tool must use it sometimes as a lever. The simplest 
lever is a plain bar or stick. One part, the fulcrum, tests against 
something to hold it still. Another part rests against the thing 
which is to be moved and a third part is pulled or pushed. 

Fig. 81 shows the principle. A ten-foot crowbar is being used 
to lever up a log, a force of about half a ton being required to 
accomplish this. In each picture the lever rests on a stump — the 
fulcrum. In the lower picture it is easy to see that the log will 
move one-ninth of the distance through which the handle moves. 
The work done at each end is the same, so nine times the man’s 


force is exerted through one-nintb of the distance. • 

In the upper picture the fulcrum is at the end of the lever, 
and you will see that the log moves one tenth of the distance 
through which the man lifts the handle, and is moved by ten 
times as great a force as the man puts into the handle. 

Qearly, there is no reason why any weight, however huge, 
should not be lifted by a strong enough and long enough lever. 


Suppose a man 
wants to lift a 
thousand- ton 
rock with a 
crowbar. The 
theory is very 
simple. Sup- 
pose a man can 
press on the 
end of a ten- 
foot lever with 
a force of a 
twentieth of a 
ton. Stipposc 
he presses his 
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end of the lever down a foot. Then the work he docs 
is 5^0th ton X I foot or foot-ton. The thousand-ton 
rock exerts a force of 1,000 tons weight, so to move it a foot 
would need 1,000 foot-tons. Consequently, out foot-ton would 
only move it -zxshTsrs or about of an inch. The rock, 

if it was to move this little distance would have to be only 
of an inch from the fulcrumi 
Now, in practice, there is very little use in lifting a rock 
of an inch: you cannot see it has moved, so even if you could do 
it, it would be useless. Of course by having a lever 16,000 feet 
(3 miles) long, and pressing it down 1,600 feet you could raise the 
rock an inch: but then no one could handle such a lever which, if 
strong enough, would weigh thousands of tons. Again, the 
fulcrum takes the whole of the weight of the lever and its load. 


i inch motion, 400 lbs. wt. force. 



I inch motion, 
50 Iba. wt. 
force. 


and it would not be easy to get a 
fulcrum whidi would not give under 
a thousand ton pressure at a single 
point! So a single lever is in practice 
limited to increasing a force from 
ten to perhaps fifty times. 



Fig. 82. — ^Wiie cutten, biake-leyer and common pump, in all of which 
a lever incieases the force exerted at the expense of the distance 


through which it travels. 


Levers ate used in many pieces of machinery, some com- 
plicated, some simple. Weighing machines, wire-cutters, brakes, 
pumps depend on die principle and almost all automatic 
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machinety depends on the use of levers. 

Fig. 8z shows several kinds of simple machines depending on 
levers. 

Another well-known type of lever is the lever jack commonly 
used in garages. Fig. 85 shows it in use. The long handle may be 
three feet long, and the short part only 6 inches. Consequently. 



Fig. 83. — A car jack. The downward force applied to the 
handle, say loo lbs. weight acting through 6 inches, 
gives an upward force, applied to the hub, of 600 lbs. 
over a distance of one inch, 

it will lift with a force six times that with which the mechanic 
presses down the handle. A ratchet is provided so that the car 
once raised remains where it is put. 

The opposite effect, that of converting a large force into a 
smaller one, is not so often needed;itis chiefly required in weighing 
machines. The simplest weigliing-machine of this kind is the 
steelyard. Plate IX shows a very beautiful Roman one, some 
2,000 years old, and Fig. 84 shows a modern one in use. The 
weight C is made so that when there is no load on the hook and 
the weight W is at the o mark (N) the two halves of the steel- 
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yard balance and hang level. Now suppose there is loo lbs. of 
meat on the hook and the bearing of the hook is an inch from F. 
The “leverage” of this side is loo lbs. x i inch. If the weight W 
is lo lbs., then if it is moved lo inches away from F its “levctage” 
will be lo lbs. x lo inches and the instrument will balance again. 
So it is easy to see that every inch the weight is moved along the 
bar would represent lo lbs., and the bar could be marked with 

notches on which the 
weight W would hang, 
each corresponding to 
some particular weight. 
It is obviously much easier 
to weigh by running a lo 
lb. weight along a bar, 
than to handle a hundred* 
weight on a scale. 

If you wanted to weigh 
a railway truck full of 
coal, it would clearly be 
very inconvenient to nm 
it on to one scale of a 
very high balance and 
put about 250 hundred- 
weights on the other 
side. So, we use a lever 
or system of levers so ar- 
ranged that a quite small 
weight at one end lifts a very large weight at the other end. Fig. 8 j 
gives anideaof the principle of aweighbridge. Tbeplatform (shown 
as transparent) is supported on two big levers (L), linked together 
in the centre (J), and having their fulcrums (F) supported by 
the masonry of the pit over which the platform stands. Since 
the four places (S) where the platform rests on the levers are 
only about a twentieth of the way from the fulcrum, a weight of 
five tons on the platform gives a downward push of only about 
five cwt. on the link. The link at J pushes another lever (O), and 



Fig. 84 . — K butcher’s steelyard. 



Simple Machines 


i8i 



Fig. 85. — ^The principle of the weigh-bridge. 

in the same way the five cwt. pull near the fulcrum is reduced to a 
pull of 25 lbs. or so at the other end. This other end (J^) pulls 
on a rod (R) which is linked to the short end of a steelyard (Y), 
and so a weight (W) of a poimd or two, slid up and down its 
beam, is enough to balance the whole five tonsl These machines 
are very accurate. The best of them will show the difference if one 
good-sized lump of coal is taken out of a full railway truck! 

The lever is sometimes used to increase speed. A typewriter 
key is an example. The key is moved down about ^ of an inch. 
The type fece moves 4 indies in the same time. Consequently, 
it goes 8 times as &st and hits the ribbon a smart and rapid blow. 

The ordinary weighing machine or balance is a sort of lever 
with two equd arms. All balances have a beam which turns 
on a knife-edge to make friction as small as possible, and two 
scalepans which hang also from knife-edges. Most balances 
have a pointer to show when they are swinging evenly. Everyone 
knows how to weigh on a balance, but when it comes to very 
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accurate weighing a great many precautions have to be taken. 
Almost any balance will indicate a weight one-thousandth 
of the load it is designed to carry. A kitchen scales carries about 
20 lbs. and will quite easily turn with a quarter of an ounce. 

The best balances will show from a millionth to a ten-millionth 
of their load. A micro-balance as shown in Fig. 86 will take a 
load of 10 grammes (about ^ oz.) and will show a weight of a 



Fig. 86. — An extremely sensitive balance, as used for microchemical work. 
The weighing is performed by moving a minute loop of wire along the 
beam (as in the steelyard) by means of the milled head on the right. A 
magnified image of the pointer and a scale are projected on a small scrwn, 
and the distance the pointer is deflected from the vertical defines the weight 
to within a millionth of a gram. (Couxtesy of Messes. Oectling Ltd.) 
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thousaadth of a milligramme (about the weight of a scrap of 
human hair, only as long as it is thick — inch). A bullion 
balance will weigh a man (50 kilogrammes) and easily show a 
difference of a tenth of a gramme, just about the weight of a drop 
of water. These accurate balances are simply ordinary scales 
accurately made. Their beams are made like girders so as to be 
stiff and Ught, Their knife-edges are made of the hard stone agate 
ground to a perfect V-shape and they turn on flat pieces of agate, 
set on the scale pans and beam supports. The weights are gold- 
plated so that they shall not tarnish and get heavier. A weight of a 
tenth of a milligramme would be far too tiny to handle so, after 
the weights have been got right to the nearest milligramme, a little 
wire loop is moved up and down the beam until the pointer 
swings just as many divisions to the right of the aero-mark as it 
does to the left. 

If a balance is to show less than a ten-millionth of its load — 
say a hundred-millionth — great precautions are needed. The 
little air-currents in the case upset it, and so the air must be 
pumped out before the final weighing. The heat of one’s face 
makes the beam expand unequally, so the pointer is observed 
through a telescopel 

Weighing is, perhaps, the most exact kind of measurement 
we can make. Any ordinary laboratory has a balance which 
will measure a difference of one ten-thousandth of a gram in a 
load of a himdred grams. It is very much more difficult to 
measure a difference of a ten-thousandth of an inch in a length 
of a hundred inches and still more to measure a difference of a ten- 
thousandth of an hour of a second) in a hundred hours. 

PULLETS 

You have certainly watched weights being raised by pulleys, 
cranes and windlasses. Pulleys can be fitted together so t^t 
by pulling long lengths of rope through them, the pulleys are 
only raised a short distance. Fig. 87 shows two compoimd 
pulleys as these arrangements are called. The first of these has 
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ten topes. If the end is pulled down ten feet, these ten 
ropes will be altogetlm lo feet shorter, so each will be 
one foot shorter, and die pulley will rise a foot. 
Then, if the rope is pulled ten feet with a jo lb. 
pull, the pulley (which moves, only one foot) will 
have a 500 lb. pull (50 x 10 = 500 x i). This would 
be exacdy true if no work were used up in moving 
the pulleys and bending the ropes. Actually, a good 
deal is wasted in this way. 

Garages and engineering shops make much use of 
differential pulleys. They will lift an enormous 
weight and have the advantage that when the chain 
which goes over the pulleys is released the weight 
does not drop. The principle of the pulley is that 
an endless chain runs over three pulleys. The two top 
* uS ones, A and B, are made in a single piece and ate of 
slighdy <hfferent siaes, say, 20 inches and 19 inches 
circumference. Suppose by pulling on the chain 
the top pulleys are made to go roimd once: 20 inches of chain 
has been pulled off the big pulley and only 19 inches have been 
pulled on to the litde pulley. So there is an 
inch less chain in the loop between them. ^ 

Each of the two sides of this loop will 
be ^ an inch shorter, so by pulling in 20 
inches of chain the lower pulley C rises 1 
half an inch. So, if no friction were 
present, the weight lifted would be 20 -r- i, 
forty times the pull on the chain. Actually, 
about half the force is wasted in this | 
way, so that the force is increased only * 
about twenty times. Still, this is enough FiG.ss.—DUfcientialpulley 
to allow a man to lift a ton and if the top 
pulleys are made more nearly the same size, still more advantage 
is gained. 
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SCREWS AND CRANKS 

The screw is the ideal way of tumiag a little force into a 
big one, or a rapid motion into a slow one. It is clear that any 
screw moves forward by the width of one “thread” when the 
screw is given one turn. 

A vice (Fig. 80) is the simplest example of the use of a screw to 
obtain .pressure, and by putting a long enough handle on a 
vice, any force can be obtained. In actual practice, if a long 
handle is fitted to a vice and much force is used to screw it up, it 
simply breaks the iron base. Screw jacks are very commonly 
fitted to cars. To lift the back axle of a good sized car, a force 
of about half a ton weight is needed. The simplest sort of 
screw jack used by engineers has a strong screw which passes 
through a heavy base turned to fit it, The screw is turned by a 
rod fitting into a hole in the top of it. The platform at the top 
rotates, so that it does not move with the screw threads, which 
may be 4 to the inch. Then one turn of the handle raises the 
platform J inch. To do this, the handle is turned through a 
complete circle: if the bar is 18 indies long, this will be about 57 
inches: consequently, the force you put on the handle travels jy 
inches while the cat rises J of an inch. Consequently, to lift 

half a ton, a force of only ? tons or 5 lbs. weight would 

i X 57 X 4 

be needed if there were no friction. 

The friction is fairly considerable, how- 
ever, and two or three times the force 
calculated has to be used. The car-jack 
usually has an arrangement of cog-wheels 
by which it can be operated without 
getting under the machine. The prindple 
is just the same. 

The flypress is used for many jobs, 
such as stamping out bits of metal, bending 
them to shape between dies and so on. 
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It is a screw with a heavy lever with a big iron ball on it. The 
ball is sent flying round: when the die touches the metal, it is 
suddenly stopped in a fraction of a second. 



FiG. 90. — The flyptess. 


A force is measured 
by multiplying the 
weight acted on by 
the acceleration or 
deceleration produced 
by it. Suppose the 
iron ball weighs 20 
lbs. and is spim at j 
feet a second and 
stopped in one inch 
by the die biting on 
the metal. This means 
that it is decelerated 
at the rate of ijo ft. 
per second. The 
force needed to do 
this is about 4; lbs. 
weight. The screw 



Fig. 91 — h WOOD gear. 
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moves down, say, one in(£ for each turn (60 inches) that the ball 
makes, so the force is magnified 60 times and the dies squeeze 
the metal with a pressure of 4j x 60, or 2,700 lbs. (about one and 
an eighth tons). Again, here some of this force will be wasted on 
friction. 

Finally, the “worm-drive” is a very useful way of increasing 
power and decreasing speed. It is a screw which fits into slanting 
cogs on a gear-wheel (Fig. 91). Qearly, each turn of the screw 
advances the wheel by a distance equal to the pitch of the thread. 
If the wheel is 5)0” in circumference and the threads of the screw 
ate z” apart, it will go 45 times slower and otett 45 times the 
turning force of the driving shaft. 

An electric motor runs best when going fast, turning at joo — 
4,000 revolutions per minute. If it drives a worm-gear, it is 
easy to get great power and a speed of only a few dozen turns a 
minute. Fig. 91 shows a worm-drive of this kind. Fig. 62, 
illustrating the speedometer, shows another. The worm gear is 
rarely used to increase speed. It can only be used in this way if 
the threads arc very far apart. An example is shown in Fig. 72. 

Several other less important devices can be used to magnify 
power. The wedge is a well-known one — not much used in 
machinery because it wastes a great deal of work in friction. 
Suppose a wedge is one inch thick at a distance of six inches from 
its point: then it separates two objects by one inch for every 
six inches it is driven in; so that (friction excluded) it would give 
six times as much outward force as we put downward force upon 
it. Actually, most of this is used up in friction, and indeed, if the 
friction between the wedge and the thing it opens were not so 
great, it would be forced out again. 

The machines we have dealt with have mostly been arrange- 
ments by which a straight pull or push is turned into a stronger 
(or weaker) straight pull or push. Actually, most modem 
machinery is driven by power supplied as rotation, i.e., by revolv- 
ing shafts, pulleys or ^Its. Accordingly, very many devices have 
been made by means of which rotation can be made slow or quick, 
powerful or weak. 




First, let us look at ways in which circular motion (as of a 
wheel) can be turned into reciprocating or back and forth motion. 
The cam and eccentric are the simplest of these. A very good 
example is the arrangement which opens and shuts the valves of a 
car. The ca m revolves with the shaft and lifts and drops the 
tappet rod as it turns. An eccentric is a similar device. It is 
just a solid wheel with its axle not at the centre. This wheel 
fits smoothly in a ring and Fig. 93 shows how it moves the ring, 
and an3rthing attached to it up and down. 



Fig. 93. — An eccentric E turning the xotaty movement of the shaft S 
into the reciprocating movement of a piston. 
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The cam and eccentric give rather a small motion and waste a 
good deal of work as friction, and the standard engineering 
way of changing a reciprocating motion into a circular one and 
vice-versa is the connecting rod and crank. The essential parts 



Fig. 94. — rotating movement of a shaft is here converted into 
the up and down motion of a piston. 


are shown in Fig. 94 where a rotating shaft is driving the piston of 
a pump. The principle will be clear enough. It should be noticed, 
however, that the piston is moving rapidly in the middle of the 
strokes (II and IV,) and is stationary at 
the top and bottom (I and III). Con- 
sequently, the driving engine feels a 
jerky resistance, and if it is strong enough 
to pull the piston past the positions 
II and IV, it will be wasting power at I 
and III. It is usual, then, to connect 
several pumps to the same shaft as in 
Fig. 95. In this case, one pump is 
always in the middle of its stroke so that 
the wheel pulls steadily all the while. 

The same prindple is appUed in the 

internal combusion engine (p. 269). from a single crankshaft. 
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If only one pump is to be driven, a heavy flywheel is usually 
fitted. At the top and bottom of the stroke when the engine has 
no pulling to do it does useful work in speeding up the fly- 
wheel a little, and the flywheel in its turn helps the engine to 
push the piston through the middle part of the stroke. It is not 
difficult to see that if the piston were pushed up and down by 
steam pressure the wheel would turn and this is actually what is 
done in the steam engine or petrol engine. This is discussed 
further on pages 261-275. 


GEARS 

For altering the speed and force of a turning shaft, the chief 



Fig. 96.— The small ^heel has ao 
teeth and the large one 50 
teeth. The bigger one will have 
J of the speed and ^ of the power 
of the small one. 
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Fig. 97. —Increase of speed by gearing 
in a grinding wheel. 


means used aie gearwheels. If two cogwheels are in mesh as in 
Fig. 96 and one has, say, 20 teeth and the other 50 teeth, then the 
bigger one will run at r of the speed and will exert f , i.e., 2 J times 
the power. Almost every macliine uses gearwheels. A grinding- 
wheel (Fig. 97) gives a good example. If you turn the handle 
once the wheel turns 6 times. It only turns with ^ of the power, 
as you can see if you hold the wheel when it is still with one 
hand and press the handle with the other. You need much more 
force to turn the handle than to stop the wheel turning. 

Gearing down to get increased power or decreased speed is 
used in pumps; in motor cars, which we will talk of later; in 
liners driven by turbines; in rolling mills where ingots of iron 
are rolled into rails, and on a far smaller scale in gas-meters 
and all such counting machinery (mile-recorders for cars, re- 
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volution counters, etc.)* In Plate IX is illustrated the helical 
gearing of a rolling mill, designed to transmit 140 h.p. and to 
reduce the speed from 720 to 34 revolutions per minute. One 
of the chief objections to cog-gearing is that it is intolerably 
noisy when run at all fast. This is got over to some extent by 
using helical gears which have the teeth cut slantingly so that 
several teeth are pulling at once. These gears are more expensive 
and difficult to cut but much more silent and steady. 

The chief alternative to transmitting power and altering the 
speed of rotation by gears is the use of belts or ropes. The use 
of belts is shown in Plate X. Clearly (if there is no slip) the 
rims of the two pulleys must travel at the same speed. So, if a 
pulley 5 feet in circumference is connected to one a feet in 
circumference by a belt, the big one will turn twice for the little 
one’s five times. Belts are made either of leather or of strong 
cotton duck, impregnated with a kind of indiarubber-like 
gum called balata, the great advantage of which is that it re- 
mains soft, pliable and adhesive for a very long time. Sometimes 
the belt has balata on one side and leather on the other. 

The great advantage of the belt drive is that any fitter can in an 
hour or two arrange a belt by which one machine can drive 
another, whereas gearing would have to be specially built. 
Moreover, a belt can easily be inclined at almost any angle, and a 
mere crossing of the belt serves to reverse the drive. 

Belts are most useful for the smaller engineering jobs. The 
maximum power which a belt wiU transmit is limited. Thus, a 
very good 6-ply belt, a foot wide, running at 3,000 feet a minute, 
will transmit 114 h.p. It wiU be seen that a belt drive to transmit, 
say, 20,000 h.p. would be very unwieldy. 

Where very large quantities of power have to be transmitted, a 
tope drive is often used. The engine which produces the power 
drives a drum cut into grooves. In each of these tuns a rope 
passing over a similar drum elsewhere in the building. 

The advantage of a rope drive over a belt drive is that the 
tope obtains a much better grip of the puUey, whilst a rope drive 
is much less costly than a cham drive, and is not so 




PJ,ATli X 



The use of’lxlts for piiwcr. (U- cmirtciy ot the Ivnglish 

(By courtesy of The Dunlop Rubber Company.) Mectric (.onipany, StaHord.) 
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limited in length; for 
if the pulleys are large 
enough a rope drive 
may be as long as 8o or 
90 feet between shaft 
centres, or on the other 
hand the pulleys may 
beaLnost touching each 
other. Speeds may be 
from a few hundred feet 
per minute to 5 ,000 feet 
per minute. 

The pulleys have to 
be large, as small ptilleys 
quickly break up ropes; 
for pulleys of say 2 feet 
diameter, i inch dia- 
meter ropes are suit- 
able, and so on up to 

feet diameter, which 
is the minimum for 2 
inch diameter ropes. 

Ropes are generally 
made from cotton 


(hemp Is not very suitable for power transmission) and are designed 
to have a low rate of stretch and to be pliable. 

The main drives in a large cotton mill are shown in Fig. 98. 
The engine is 1,750 h.p., and the rope speed about 4,800 feet per 
minute; the ropes used are cotton driving ropes made by Messrs. 
Thomas flart, Ltd., of Blackburn. 


VARIABLE GEARS 


There are several purposes for which it is required to vary the 
speed of the machine driven without varying the speed of the 
engine. A motor-car engine gives very poor power when running 
slowly; on the other hand it cannot push a cat up a steep hill 
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quickly, so it is desirable on hills to be able to make the driving 
wheels go at a slower speed with greater power. Consequently, 
all cars have some arrangement by which different gear-wheels 
can be enmeshed at “low gear” and “high gear.” Figs. 99 and 100 
shows a rather simple car gear-box in the positions of first speed, 
second speed, third speed and top gear. 




The engine turns the mainshaft A with gear-wheel B upon it. 
Inside this gear-wheel, but not attached to it, is a shaft C which 
drives the car. This has “feathers” cut on it (see top wheel in 
Fig. loi, which shows the shaft C in section) so that the various 
gear-wheels N, J, P, etc., can be slid along it by the gear lever 
which pulls on the notches K, etc. First, then, realise that the 
engine always turns the wheel B, and this always meshes with 
the wheel H and so turns the layshaft G. But since the shaft C 
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only fits into a bearing in the shaft A, it does not turn round 
unless it is in some other way connected to shaft A. When the car 
is in “neutral,” gear wheel B is going round. It is turning the 
layshaft G, but in the neutral position none of the gear wheels 
R, O, M is in mesh with the gear wheels P, N or J, and accord- 
ingly nothing happens. 

Now, we are going to get into first speed (Fig. 99, top). The 
lever pulls the wheel J till it meshes with the gear-wheel M. 
Now gear-wheel B has, say, 20 teeth and gear-wheel H 40, so 
one turn of B means \ a turn of H. Gear-wheel JVl meshes with 
gear-wheel J. J has twice as many teeth as M, so one J turn of M 
means J turn of J. Thus, one turn of the engine gives only a 
quarter turn of the shaft. The ratio is then i : 4 (this will be 
further reduced about five times in the back axle). Now we change 
from first to second. The lever is pulled back to neutral. This 
unmeshes the wheels J and M and puts the box back as before. 
Next we push the lever into third speed notch. This action forces 



Fig. 99a. — Simple four-speed gears. Third speed. 


wheel N to mesh with wheel O. B (20 teeth) drives 1 1 (40 teeth) 
which goes at the same speed as O (25 teeth), which drives N (28 
teeth): the reduction is consequently 1:2.36. Now, we go into 
third. Pull the lever back to neutral, so unmeshing N and O. 
Now push the level into the second notch. This puts wheel P in 
mesh with wheel R. Since R has 28 teeth and P 21 teeth, it is easy 
to see that the reduction is now only 1:1.5. 

Finally, we go into top gear. P and R are unmeshed by pulling 
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Fig. too. — Simple four-speed gears. Top speed. 

the lever to neutral (Fig. i), and then the lever is pulled to the top 
position. This forces projections on the gear-wheel B to enter 
holes cut in the gear-wheel P so that B and P go round as one 
wheel. But as P is on the shaft C this shaft will go round with it 
and the engine and tailshaft revolve at the same pace! 

What about reverse? 
If this had been shown, 
Figs. 99 to 100 would 
have been too com- 
plicated: accordingly, 

the reversing gear is 
shown in principle in 
Fig. loi. In reverse, the 
layshaft drives an “idler” 
wheel on a third shaft. 
This “idler” drives the 
shaft C. The sizes of 
these wheels are so pro- 
portioned that reverse 
shall be a very low gear, 
the reduction being 
about 1:5. It is im- 
REVERSE GEAR. pottant to temembcr 

Fio. loi. — Principle of tevetse gear. (Remember that the differential gear 

opposite way to ^ 



LAYSHAFT 
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makes the driving wheels turn some 5 times slower than the tail- 
shaft, so our true reduction of speed would be roughly 1:20, 1:12, 
1:7^, 1:5 and 1:25 in first, second, third, top, and reverse gears 
respectively. 

Gear boxes are the worst things about cars. They make them 
noisy and the most difficult thing in driving is to get the engine 
and car going at the right relative speeds so as to be able to change 
gear noiselessly. The self-changing gears usually have the 
sun-and-planet-wheel gearing where all the gear-wheels are 
in mesh all the time. The gear depends on which wheel is being 
driven, and which is driving. Space forbids a full explanation: 
but it is clear that if the gears are always in mesh it is impossible 
to make the hideous crashing noises which ate heard when the 
novice tries to enmesh two gear-wheels moving at very different 
speeds. 

No one has yet found a satisfactory substitute for the car gear 
box. The gears of a car may be noisy and difficult to handle but 
they give very little trouble. Any complicated arrangement 
which took their place would probably be an extra source of un- 
reliability and expense — at least until experience had been gained 
by the manufacturer at the expense of the driver. 


HYDRAULIC MACHINES 

All the machines we have talked about are nude entirely of 
solids. Other important engineering devices such as the hydraulic 
press depend on Ae behaviour of liquids. 

The first thing (from the engineer’s point of view) to realise 
about liquids and gases is that they transmit pressure evenly in all 
directions. If you press a solid, it transmits your pressure in one 
direction, but a liquid or gas does so in every direction equally. 
Each molecule jostles its neighbour freely and tries to escape in 
any and every direction from the pressure you apply. Fig. 102 
shows the idea. The solid column transmits the pressure in only 
one direction; the liquid, in all directions. 
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In order to 
force a liquid to 
move from one 
place to another 
against a force — 
such as gravity— 
we use pumps, 
and all pumps 
except the cen- 
trifugal and 
axial flow types 
depend upon 
valves. A valve 


Fig. 1 02 . — K solid ttanstnits a force applied to it in one 
direction only: a liquid does so in every direction 
equally. 


is an arrange- 
ment which lets 
liquid through 


in one direction but not in the other. Figs. 103, 104 show two 


kinds of valves. : Those in Fig. 105 arc poppet valves, those in 


Fig. 104 ate flap valves. 

The simplest of pumps is the force pump, and Fig. 105 shows 
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the kind of force pump that is used for most small pumping jobs. 
A force pump will raise water to a very great height; the only 
limits being the power that can be put on the piston and the 
difficulty of preventing pipes from leaking under a head of, say, a 
thousand feet of water. The pump has a cylinder with a piston 
which is made to fit perfectly by packing which is forced against 
it by a “gland nut,” When the piston is drawn up, it does not 
leave an empty space — a vacuum — for the pressure of the air on the 
water outside makes it drive the inlet valve open and so fill the 
pump-barrel. When the piston is forced down, the piston 
presses on the water, which forces the inlet valve to shut and the 
outlet valve to open, and the water is forced out. As this pump 
would make the water flow in jerks, an air vessel is often included 
in the exit pipe. The water rushing out on the exit stroke com- 
presses the air and enters the vessel: while the inlet stroke is 
going on, the air expands and forces the water out again. In this 
way there is a more continuous flow and no violent changes of 
pressure. The force pump is much ffie commonest type. It is 
used for almost all pumping except where large volumes of water 
or dirty water are concerned. 

'T'he force pump (and indeed any other pump) must not be 
more than 32 feet above the water it is to pump, because it 
depends on the pressure of tlie air to force the water into its 
cylinders. The pressure of the air is only enough to raise water 
32 feet. This is an awkward thing where water has to be obtained 
from a deep well, or to be pumped from the bottom of a deep 
mineshaft. The pumps have to be at the bottom of the shaft or 
well, not more than 30 feet (and best not more than 20 feet) 
above the water. If the well or shaft is narrow, it may be difficult 
to get at them, so the cylinder is put at the bottom of the well, 
and a very long piston rod reaches to the surface where the 
driving machinery is arranged. A heavy coimterweight is made 
to balance the heavy rod. 

For jobs where water has to be raised only a few feet, the 
ordinary garden or lift pump is used. This, like the force pump, 
has an inlet valve at the bottom; but the other valve is in the 
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piston (Fig. 82). It opeiates on exactly the same ptinciple as the 
diaphragm pump (Fig. 104) which is a lift-pump with a leather disc 
instead of a piston. When the disc is raised (2) water enters; 
when it is forced down (1) the water opens the valve in the 
diaphragm and passes to the other side. On the third stroke (2) 
the water is lifted out by the exit pipe and new water enters from 



(I) W 


Fig. 104. — 'Hie diaphragm pump. 


below. The diaphragm pump has the advantage that it can 
pump muddy or dirty water. Mud gets between the piston 
and cylinder of an ordinary piunp and either jams it or very 
soon wears it out. The diaphragm pump has nothing that 
mud can damage. When it comes to pumping really dirty 
water which may have pebbles, leaves, paper and so on in it, 
no pump with valves is much use, because the solids prevent 
the valves from closing. The best pump in this case is the 
centrifugal pump or the axial flow ptunp, and one of these is almost 
always used where large volumes of liquid have to be handled. 

The ptinciple of the centrifugal pump is simply that of setting 
the water spitming at a high speed. The water therefore flies 
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Fig. 105. — Centrifugal pump. 



outward (just as it does when you twirl a mop), and the centri- 
fugal force drives it out of the exit pipe. In the simplest pump, 
the water is admitted to the centre of a ring of vanes (the impeller) 


which turns at the rate of, say, 
25 times a second. The water 
is set whirling by these, is driven 
outward and escapes by the 
discharge pipe. Sometimes a ring 
of fixed vanes is set round the 
impeller to guide the water to- 
wards the exit pipe: if these are 
not used a certain amount of 
energy is wasted by the water 
being flung against the sides of the 
pump. 

The axial-flow pump is shown 
in Fig. 106. It is simply a 
ship’s propeller set in a tube. 
The propeller drives the water 
up, and if one reflects that a pro- 



peller can push a liner, it is clear Fto, 106. — ^Aaial^ow pump. 
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that it will move plenty of water. The impeller is very efficient 
in the sense of wasting very little power; it also has the advantage 
of not being clogged by solids in the water. 

Several other kinds of water pumps ate used, but the force, lift, 
centrifugal and axial flow are much the most important. 

Pumps for handling gases are very much like those used for 
handling liquids. The ordinary pump used to compress air or 
exhaust air is a force-pump — ^in principle just like the force-pump 
in Fig. 105. The ordinary bicycle-pump is different from other 
pumps in having die piston and inlet valve in one. The piston is a 
cup-shaped piece of leather. When the handle is drawn up, air 
enters between the piston and wall: when it is forced down the air 
pressure forces the leather against the wall and makes the piston 
airtight. G)nsequently the air forces the outlet valve (in the tyre) 


open and the air enters the tube. 

The air-pumps, used to get the air out of a vessel as completely 
as possible and leave a vacuum, are of two chief types. The first 
arc oil-sealed rotary pumps. A casing (i) contains a shaft or 
rotor (2) which travels round and carries with it two movable 
blades (3) which a spring holds against the casing. It is easy to 



Fio. 107. — TTie essential parts of a rotary 
ait pump. (Courtesy of Messrs. W. 
Edwards & Co.) 


see that air must be entering 
from pipe (4) all the time and 
being pushed out into pipe 
(5). Air can never get back 
from pipe (5) to pipe (4) be- 
cause the shaft touches the 
casing. The efficacy of the 
device depends first on a very 
accurate fit of the blades and 
rotor to the casing, and 
secondly on there being no 
possibility of air leaking in 
along the bearings of the 
shaft. To ensure this the 
casing is wholly immersed in 
oil. 

These pumps are used for 
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removing the air from thermos flasks, electric light bulbs, 
wireless valves. X-ray tubes, etc. 

A single stage rotary oil-sealed air pump in good working 
order will remove aU but three-millionths of the ait from a vessel. 
No pump, however, can make a perfect vacuum. The best that 
has been done is to remove all but a ten thousand millionth of 
the air. But there are such a vast number of molecules in a small 
amount of air that a vessel the size of a wine bottle, when evacuated 
to this extent, would still contain ten million million molecules. 

A pump which is still simpler and gives the most perfect 
vacuum of any is the mercury diffusion pump, which has no 
moving parts at all. A diagram is shown in Fig. 108. The actual 
apparatus is usually made of glass. Some mercury is boiled in S 
and the stream of mercury vapour, which at a low pressure has 
a very big volume, rushes out through H, 

past the baffle e. The mercury atoms hit 
the air molecules from the tube H which 
leads to the vessel to be exhausted and 
knock them on to the exit tube V. 

The mercury vapour is very easily con- 
densed, so that as it passes over the part 
of the tube which is cooled by the water- 
jacket K, the mercury is all made to 
condense and to run back into the 
boiling tube. 

There are two ways of getting rid of 
the last traces of air from an evacuated 
vessel. 

The first is used in wireless valves. A 
little of some substance such as mag- 
nesium, which can combine with air and 
forms a solid, is introduced into the 
valve and then heated. The magnesiiun 
turns all but a trace of the air into solid 

magnesium oxide and nitride. Fig. loS. — ^Diffi^on pump, 

° . 1 , • 1 1 (Courtesy of Messrs. W. 

Another method is to have a glass Edwards & Co.) 
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tube containing a little hard charcoal (best made from coconut 
shell) attached to the vessel from which the air is to be removed. 
The tube is cooled with liquid air, whereupon the charcoal in 
some rather odd way attracts to itself almost all the gas left in 
the vessel. The tube is then softened by a flame and sealed off 
to remove the charcoal and the gas with it. 

The chief obstacle to obtaining a perfect vacuum is the 
tendency of every solid surface to attract to itself a very thin 
layer of gas (about one molecule thick), which is held close 
to the surface atoms of the soUd by their quite powerful attrac- 
tions. These films remain attached to the vessel and may after- 
wards release some of the gas and diminish the vacuum. 



Fig. 109. — ^Hydiaulic press. 

Once pumps are understood, we can study that most interesting 
machine — ^the hydraulic press. It depends on the fact that any 
fluid has the same pressure throughout (barring minor factors 
such as depth, etc.). If you put a pressure of i Ib. on a square 
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inch of the liquid, the liquid will press on every bit of the vessel 
that contains it with an extra force of i lb. per square inch. 

■ Let us take for example the sort of hydraulic press which is 
used to forge steel — ^to compress great steel ingots into the shapes 
we require. The principle is shown in Fig. 109. A little pump 
forces, say, a cubic foot of water into a big cylinder. Now if 
the cross section of the cylinder of the little pump is a square 
inch and there are 1728 cubic inches in a cubic foot, clearly it 
will have to move 1728 inches (i.e., make 1728 one-indi strokes) 
to put a cubic foot of water into the big cylinder. The big piston 
has a cross section of a square foot. So, to make room for a cubic 
foot of water, it moves up a foot. Now you will get (barring 
friction) as much work out as you put in, so if the little piston 
is pushed in with a force of a hundredweight (5^5 ton) and it 
moves 1728 inches (144 feet) the work done is foot-tons. 
This is the same work as is done when a force of tons weight, 

i.e. seven and a fifth tons’ weight moves a foot. 

But the big piston does move a foot and does do foot-tons 
work. So it exerts a force of seven and a fifth tons. This gives a 
splendid way of turning a little force into a big one. The chief 
nnints in making such a press is that there should be no leakage 
and not too much friction. 

Both these troubles are overcome by fitting a U-shaped leather 
collar between the big piston and cylinder (Fig. 109); the greater 
the water pressure, the more firmly is the collar forced against 
the cylinder and the piston. 

Fig. 1 10 shows the use of such a press in squeeaing oil out of 
nuts such as “monkey-nuts.” The nuts are contained in per- 
forated boxes B, B, which telescope into each other. Water is 
forced from the pump F into the casing L and drives the ram R 
upward, squeezing the nuts with a pressure of many tons. Strong 
steel pillars P hold the casing to the top: it must be remembered 
that the whole pressure put on the nuts is taken by these pillars. 

The hydraulic jack^used for lifting motor cars is on just the 
same principle. A tiny pump forces oil into a much wider 
cylinder and so drives the ram up carrying the car with it. 
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Fio. no. — Use of hydtaulic ptess to squeeze oil out of nuts. 


.Another rather important machine using liquids is the fluid 
flywheel fitted to several makes of car. The advantage of it is 
that the engine can turn slowly, “tick over,” without moving the 
car, while, as soon as the engine speeds up, the car is driven too. 
The simplest way to think of it is as a paddle-wheel driving oil 
round and round, while immediately surrounding it is a turbine 
driven by the oil. The “turbine” part is driven only when the 
oil is circulating rapidly. * 




CHAPTER IX 


Power 

ENERGY 

W ORK, we have seen, is measured by the distance over 
which a force is exerted. Energy is a capacity for doing 
work. There is, rightly, a great deal of talk about energy both 
in physics and in engineering and it is really necessary to under- 
stand what it means. 

Suppose there is a candle on a table in front of you. You 
ask me, “How much energy has that candle?” and the question 
can only be answered if you tell me what you are going to do 
to it. If it weighs 2 ounces and falls three feet to the floor, it 
can do | foot-lb. weight of work, but if it fell out of the window, 
it might do a great deal more. The candle is at rest, relative to 
the other things in the room, and so relatively to them has no 
“kinetic energy” of motion. But relative to, say, a loose meteorite 
floating about in space, it has a tremendous speed (the speed of 
the earth) and so could give a most violent blow to the meteorite 
or anything on it, if a collision could be staged: so, relative to 
the meteorite, it has enormous kinetic energy. It also has heat 
energy. It cannot do any work, however, with it, for it is no 
hotter than the other things in the room, and heat wiU not flow 
from it to them. On the other hand, if you dropped it into liquid 
air, the air would boil violently and the gaseous air produced 
could do work, say, by driving an engine. If the candle is lighted, 
it will produce a good deal of heat energy, though even here 
we do not know how much till we have settled whether it is 
going to bum with a smoking flame or a clear one. In fact. 
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no one can say how much energy a thing has, but they can say 
as a rule how much energy a process has. Thus they can say that 
dropping a 2 oz. candle to the floor 5 feet lower produces 
j,ioo,ooo,ergs (p. 210) of energy, that burning it in such a way 
that it changes to carbon dioxide and water only, produces 
23,800,000,000,000 ergs and so on. 

This fundamental energy appears in several different forms. 
In the first place, all energy is either potential energy or kinedc 
energy. 

Potential energy is the capacity for doing work which a thing 
has on account of its position. Kinetic energy is the energy a 
thing has as a result of its motion. 

The energy of the water in a tank at the top of a house is 
potential energy. The same water rushing from a tap below has 
less potential energy, for some of its potential energy has changed 
into energy of motion — kinetic energy. 

Kinetic energy is energy of motion. A thing with kinetic 
energy can do work by setting other things moving faster and 
itself being slowed down. The energy of a gale or a jet of water 
or a rotating flywheel is kinetic. 

Heat energy is really kinetic energy. A hot thing has rapidly 
moving atoms: by slowing these down (i.e. cooling) it can speed 
other slower (cooler) atoms up and so do work. 

Electrical energy may be potential (as when two charged bodies 
at a distance attract or repel each other). It can also be kinetic. 
When a charge of electricity moves (as along a wire) it has 
energy in virtue of this motion. This is what we call magnetic 
energy. 

Radiation — light, radiant heat. X-rays, radio and so forth — 
is also a form of energy, and it is, as we shall see in Chapter XV, 
a rapid alternation of electrical kinetic energy changing into 
electrical potential energy and back again billions of times per 
second. 

Chemical energy is really electrical potential energy, for it is 
tile energy that molecules can produce by rearranging their 
atoms, which are made up of electrical charges. If the explosive 
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liquid, nittoglycetine, is struck with a hammer, the atoms in it 
share up their electrons in another way with the result that it 
changes into half a dozen different gases and at the same time 
produces enough energy to cause a violent and destructive 
explosion. A ton of cod and 12,400 cubic yards of air, if the coal 
is lighted, give out 34,000,000 B.Th.U. of heat energy. We say, 
then, that the coal and air before they are lighted have 54,000,000 
B.Th.U. or, what is the same thing, 8,568,000,000 calories of 
chemical energy. It is in this sense that we speak of our food as 
providing so many calories of energy. 

Finally, mass is energy. Matter can be destroyed (in radioactive 
charges and probably in the stars) and becomes one of the other 
forms of energy, e.g., radiation. So we can reasonably think of 
all energy as matter or all matter as energy. The theory of 
relativity and actual experiments indicate that every gram of 
matter is equivalent to 9 x io*« ergs of energy. 

Energy can never be destroyed. It can be turned into other 
kinds of energy — ^sometimes useless for practical purposes — but 
it is never destroyed or changed into nothing. This statement 
we call The Law of Conservation of Energy. 

Suppose a brick is dropped from the ceiling on to the floor. 
Clearly the brick has less energy on the floor. It can do less 
work. Where has this energy gone? The answer is that the 
ordered motion of the molecules downward was changed by 
the impact into a disorderly motion in every direction. The brick 
and the floor it hits become a little hotter. The potential energy of 
the brick at ceiling level changed into kinetie energy of the falling 
brick, whidi on hitting the floor became beat energy of the brick 
and floor. If you wish to prove that kinetic energy can be changed 
to heat energy, hammer a nail on an anvil as violently and as 
quickly as you can. It will soon become too hot to touch. A 
blacksmith can hammer a horseshoe red-hotl Every machine 
turns a good deal of work into heat whether it is intended to 
or not. All the energy which is “wasted” in overcoming friction 
is turned into heat. 

It is known exactly how much kinetic energy is needed to 
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produce a certain amount of heat. Thus the energy furnished 
by a ten-horse-power engine working for an hour will raise 
about 14 gallons of water from the freezing point to the boiling 
point. We can always turn this amount of kinetic energy into 
heat, but unfortunately we cannot turn this quantity of heat into 
the same amount of kinetic energy. 

The turning of electrical energy into heat and radiant energy 
in a glow-lamp, the turning of chemical energy into heat energy 
in a candle, are familiar enough: in all these cases simple rules 
tell us what quantity of one kind of energy we get from a given 
amount of another. 

Thus, all the following quantities of energy are the same and 
can be changed into each other. 

1. 000 calories of beat (a calorie^ is the amount of heat that 
will make a cubic centimetre of water one degree (C.) hotter); 

4.18 joules of electrical energy (a joule is the amount of energy 
of a current of one ampere at a potential difference of one volt 
flowing for one second); 

41.800.000 ergs of kinetic energy (an erg is the amount of energy 
needed to make a gram weight move one centimetre per second 
faster than it moved in the second before); 

4.65 X io~^* ffams of mass. Mass, we have seen, is equivalent 
to energy, and under certain conditions matter can be converted 
into such forms of energy as heat. This occurs, we believe, in 
the sun and stars. 

Chemical energy is reckoned in calories, i.e., the quantity of 
heat it can be turned into. 

For practical purposes we usually reckon energy as horse- 
power-hours. A horse-power-hour is (as you would expect) the 
amount of energy an engine of one horse-power produces when 
it works for an hour. Another important measure of energy is 
the Board of Trade Unit used for electricity. One horse-power- 
hour = .746 (nearly |) of a Board of Trade Unit. This is 1000 

1 A Calorie, with a capital letter, is x,ooo calories with a small ktter. 

A British lliermal Unit is the amount ofheat which will make x lb. of water F 
hotter. It is 252 calories. 
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watts, a watt being the energy furnished by a current of i ampere 
at a potential of i vplt, flowing for i second. 

Power is not the same thing as energy. Energy is the capacity 
for doing work, power is the rate of doing work. The usud 
unit of power is a horse-power, which was originally invented 
by James Watt as a way of defining how powerful his engines 
were. A horse-power is rather more than an average horse can 
do, at least for a long period of steady work. It is the amount 
of power needed to raise 5 3,000 pounds i foot in one minute; 
or 550 lbs. I foot in one second. It 
would take the same amount of 
energy to raise 550 lbs. through a 
foot in a second or in an hour; but 
it takes 3 600 times as much power to 
raise it in the former time. 

It is interesting to test one’s own 
horse-power, and the easiest way (not 
siutable for anyone with a weak heart) 
is running upstairs. If you can run 
up a flight of stairs in j seconds and 
you weigh a hundred lbs., and the 
top of the stairs is 1 5 feet above the 
bottom, you are lifting 100 lbs. 15 
feet in 5 seconds. This is equivalent 
to lifting 1 500 lbs. 1 foot in 3 seconds 
or 18,000 lbs. I foot in i minute. A 
horse-power rsuses 3 3,000 lbs. afootin 
a minute, so your horse-power would 

18.000 

be or tV horse-power. The , . 

33.000 hiG. III. — One horse power raises 
record for a man seems to be about ssoil^s-throughifootinisecoad. 

aj h.p., but this can only be kept up for a very short time and 
about J h.p. is a good average for such an exercise as long distance 
cycling or sculling. 

The horse-power of an engine is measured in several different 
ways. The simplest of all is to couple it to a dynamo and so turn 
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the work it does into electricity vrhich is easily measured by volt* 
meters and ammeters. Suppose the engine makes the dynamo 
generate a current of 50 amperes at too volts. Then the d3^amo 

is producing 50 X 100 watts and the horse-power is =* 

746 

nearly; for 746 watts is one horse-power. 

A second method is to make the engine do work against a 
brake, the pull on which can be measured. Fig. 112 shows a 
modem form of the Kelvin brake. The engine which is being 
tested turns a drum round which a rope is wrapped. A spring 
balance shows the pull on the end of the rope and a weight holds 
the rope taut. Suppose the spring balance shows a pull of 

fifty pounds weight; the 
radius of the drum is 5 feet 
and the shaft turns 200 
times a minute, and the 
weight weighs 450 lbs. 
Well, the friction of the 
rope on the drum and the 
pull of the balance, together 
hold up the 4 j o lbs. weight. 
The spring balance holds 
up 50 lbs. of it, so the 
engine is keeping 400 lbs. 
of weight from failing. It is 
doing this with the rim of 
the drum, which is 2 X j X 
“ij? about 3r.4 feet long. 
G>nsequently, the rim goes 
at 31.4 feet X 200 revs. *= 
6280 feet a minute. So it is 
really lifting a weight of 400 lbs. ilirough 6280 feet, every minu te, 
which is the same as lifting 2,312,000 lbs. through i foot every 
minute. One horse-power lifts 3 3,000 lbs. i foot in a minute, so our 

engine exerts or nearly 76 h.p. All the work our 

33,000 



Fig. 1 12 -Testing the horse-power of an 
engine. 
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engine does is turned into heat: the heat produced would boil 
a hundred gallons of water eve^ hour, so it is very necessary 
to run plenty of water through die drum to keep it cooil 

SOURCES OP POWER 

The modem world is run by machinery. All this machinery 
has to be driven by something — electricity, gas, wind, coal, 
petrol, etc. So the sources of power are really fundamental to 
modern civilisation. 

How ate our machines driven? Practically everything is driven 
by a steam engine, a gas engine, an oil engine, an electric motor, 
a water-wheel, or very rarely a windmill. Now these engines 
must get their energy from somewhere. The steam-engine and 
gas-engine and oil-engine are, in effect, burning either coal or 
oil: in fact, turning the chemical tnerge of these fuels and of air 
into heat-energy which is turned into the kinetic energy of revolving 
wheels. Electric motors are driven by electricity generated from 
dynamos, driven by steam engines or oil engines or water 
turbines. So electricity either comes from coal or oil or else from 
the energy of flowing water. Beyond a few things worked by 
hand or by animals and just one or two sun-boilers and tide- 
motors, these are the sources of all our power. 

Wind and tide account only for very little of our power, so 
it is on COAL, OIL and WATER-PO^^R that our civilisation 
rests. 

As far as we know, coal is being made, if at all, far more 
slowly than we are using it up: the same applies to oil. They will 
last our time, but it is not so certain that they will last another 
500 years. Water-power will always last, for the sun brings the 
water back to the hills as Gut as it runs off them, but it is not 
likely that even if every river in the world were driving its water- 
whe^ and turbines, the resulting water-power would supply the 
present needs of the world. Tides and wind oike a vast supply 
of power, though rather a difficult one to use. The world’s 
standby as far as power goes is still coaL 




Fig. 113. — The energy of the sun’s rays raises moist air to the hills: the 
moisture condenses as rain and as it runs down to the sea, the energy 
originally provided by the sun reappears as kinetic energy of moving 
water, c.g. the waterfall, which 'we can utilise in a turbine. 


All power ultimately comes from the heat of the sun or the 
motions of the earth, moon and sun. Three hxmdred million 
years ago queer plants growing in ancient forests used the power 
of the sun’s rays to turn the carbon dioxide gas in the air into 
starch and sugar and cellulose — just as modern plants are 
doing to-day. You can read more of it on pp. 614^. These 
forests became submerged in swamps and marshes, and 
became embedded in something rather like the peat of 
modem bogs. In time, the bogs became buried under mud, and 
ages of pressure and warmth deep under the earth changed the 
woody fibre, the leaves, the spores of these plants into the black, 
strong material we call coal. More than -fgths of coal is 
carbon. 

The power that turned the carbon dioxide of the air into 
carbon was the energy of the sun’s, rays: when we bum the coal it 
becomes carbon dioxide once more, and the sun’s energy locked 




Fig. 1 14 — ^The energy of sunlight, utilised by ancient coal- 
forests and by the minute plants (later devoured by animals) 
in the ancient seas, is transformed na coal and petroleum to 
the heat and light-energy used in our homes. 


which abounded in primaeval seas. These got their substance from 
carbon dioxide and water, and the energy which built these 
substances into fats was the energy of the sun. When oil burns, 
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it gives carbon dioxide and water, and your car is consequently 
driven by the burning sunshine which beat on the sea a hundred 
million years before there was a man. 

Water-power is quite clearly sun-power. The sun evaporates 
the sea. The water-vapour drifts to cooler regions and falls as 
rain on the high hills. The water running down from these, gives 
up its energies to turbines — energy whidh the sun gave it by 
raising it on high (Fig. 113). 

Wind-power too is chiefly sun-power, and the power of the 
earth’s rotation: differences of temperature set winds blowing 
(p. 717). Tidal power does not come chiefly from the sun. The 
moon attracts the water of the sea and holds it back so that while 
the earth rotates, the tide remains heaped up at rest relative to the 
moon. This is just as if the tide were running round the earth the 
opposite way to its rotation. The tides, of course, washing along 
the sea bottom, slow up the earfli. They also pull the moon back 
(for of course the tide attracts the moon just as much as the moon 
attracts the tide). So, the motion of the tides is always slowing 
down the moon and the earth. The earth has been Aought to 



Fig. II 5*— How the ndnnt energy of the sun is tnnsformed to kinetic energy 
of wind and thence to useful work. 
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take about second longer to 
rotate at the end of each century 
than it took at the end of the last, 
but the evidence for this is quite 
shaky. The energy of the tide is 
now wasted, but around the coasts 
of Great Britain alone some 
12,000,000,000 horsepower are 
waiting for anyone who could 
spend the capital necessary to make 
them available. 

At present, the world is squan- 
dering capital. The coal measures 
took millions of years to make: man 
has found them and like a spend- 
thrift just come into a fortune, he is 
making his patrimony fly. Eng- 
iMd’s suppHes imy last joo years: rfthSrthSJ 

the world S supplies perhaps 3,000 the revolution of the moon are 
years, assuming the quantity of coal ^^ofStrdes“ 

used does not greatly increase. 

This time is only a moment in the history of the earth, standing 
in relation to the earth’s life as a fraction of a second to a day; it 
will pass, and the world’s coal and oil will be gone. Man will dien 
have to use the heat of the sun and the power of tJie winds which 
the sun causes: these will last his time — for his species is likely to 
be extinct long before die sun cools appreciably; he may use the 
power of the tide, for it will be hundreds of millions of years 
before the earth slows down much: or he may use the huge 
store of heat in the interior of the earth at present beyond our 
reach. Finally, he may be able to unlock the stores of power in the 
atom. We need not think that our descendants will lack power: 
they will have it, but will get it in new and strange ways. But 
none of those who read this will see die year 2050, so it is the 
way that power is now obtained which affects us most. 
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The prime source of power is coal, from which almost all of 
England’s power and the greatest part of the world’s is derived. 

Coal does not occur like chalk or granite, in great hills. Even 
an enormously thick peat-bog when dried and hardened into coal 
will not make a very thick layer and so coal is found in “seams” — 
layers of irregular thickness rarely as much as ten feet thick, and 
often as little as one or two feet. The rock above and below coal 
is usually shale or slate (hardened mud), and so coal seams are, 
as far as we know, not found at very great depths. The deepest 
coal mine is no deeper than a mile and a quarter. 
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PtG. 117. — Reconstruction of a coal forest as it flourished 500,000,000 years 
ago. (Courtesy of Messrs. Henry Holt fic Co.; from Chamberlin and 
Salisbi^*8 Geology, Vol. 11 .) 
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If there is good reason to hope that a coal seam underlies a 
piece of land, the first thing to do is to find out whether the coal 
exists, and if so, how deep it is, how thick the seams are, and 
whether it is of good quality. The best thing to do, is to sink a 
trial shaft several feet in diameter, but as this is very expensive, it is 
more usual to drill boreholes. A hollow drill, usually a diamond 
drill (Fig. 19), is used and the “cores” cut out by it are brought up 
and examined. The holes may be sunk a mile in depth, but in 
England we rarely go so deep. If the coal is of good quality, and 
in seams thick enough to work, the next step is to sink a shaft 
down to the coal. This will ultimately be the passage by which 
men, coal and air are brought up and down and through which 
the subterranean water, which almost always gives trouble, is 
pumped to the surface. 

The method of sinking a shaft depends very greatly on the 
ground it has to penetrate. It is a well wluch may be as small as 4 
feet by 6 feet, or as large — ^in some American collieries — as 15 
feet X 5 2 feet. If it is to be sunk in hard rock, a number of holes 
are bored, five or six feet deep, and charged with dynamite: this 
is exploded, and when the fumes have cleared, the broken rock 
is hoisted out and fresh borings and blastings are made. 

The shaft may be sunk as quickly as six feet a day, but a slower 
pace is usual. The shaft is commonly lined with timber or con- 
crete, or sometimes cast-iron, such as you sec in a tube-lift. An 
unlined shaft might fall in. Very soft or watery soils are very 
difficult to deal with, for they fall in as fast as they are dug out. 
Many different plans have been used for them. One of the most 
interesting is to sink small bore-holes in the groimd and inject 
liquid concrete. This sets solid and the shaft is sunk through the 
concrete. Another still queerer way, used for wet soils, is to drive 
bore-holes round the edge of the place where the shaft is to be, 
and sink in these a ring of 6 inch pipes: inside these are lowered 
I J inch pipes. Down the latter, strong salt solution, cooled below 
0“ C, is pumped and thus in a month or so a ring of ground is 
frozen solid. Inside this ting of hard ground the soft wet soil is 
quickly excavated and an iron lining is put in. Once this is done. 
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the ground is allowed to thaw, but no water can then get into the 
shaft. Every coal mine in Great Britain is compelled by law to 
have two shafts. 

These shafts once sunk, a tremendous system of galleries is 
cut in every direction. One pit may radiate over a square mile or 
more from the shaft. It is quite common for the single pithead 
you see at the surface to be the entrance to a town of dark 
galleries and roads, much larger than the mining village above 
it. A thousand acres is not large for the workings of a coal mine. 

The coal is not taken from the ground close to the bottom of the 
shafts: if it were, there would be danger of the ground collapsing 
and blocking these. Two main “roads” usually lead to the shaft: 
one is used for hauling coal, the other is for die miners coming 
and going from their work. 

There are several different ways of working a coal mine. 
You cannot just hew the coal out and take it away, for the coal 
is the only thing that holds up millions of tons of overlying rock! 
The “bord and pillar” way of working leaves pillars of coal to 
support the roof: the method is a little difficult to understand, so 
the more frequent "long-wall” way of working will be described. 

Suppose the seam of coal is level and about 3 feet 6 inches thick. 
Clearly, the roadways cannot be cut only in the coal itself, so they 
must be cut in the coal and iii the "roof” of rock above it. The 
stone which is taken out in doing this is used to make a strong 
wall on each side of these main roads and these ate roofed with 
steel or timber to prevent them falling in. When the part of the 
mine where the coal is being worked is reached, a long gallery 
runs all the way along the edge of the untouched coal. In this 
gallery, the miners cut the coa^ which is then taken to the main 
toads and so back to the shaft. When the coal is cut away, the 
road and the props are moved forward again. The space left by 
the coal taken away is filled up with the loose “goaf” or stone 
rubbish, which is taken out at the same time as the coal. 

This gradually crushes down and the rock above collapses on 
to it. This does no harm, as the main roads are weU supported. 
Fig. 118 gives some idea (ff long-wall working. 
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The miner’s chief 
job is cutting the 
coal from the seam, 
and since coal is 
brittle and small coal 
or coal dust is not as 
valuable as big coal, 
he has to try not to 
break it up too much. 
For this reason, blast- 
ing is not greatly em- 
ployed and when it 
is, a rather mild type 
of explosive is used. 
The miner who cuts 
the coal has one of 
the hardest jobs on 
earth. He often has 
to do it in a very con- 
stricted space, illu- 
minated by a feeble 
lamp (Plate X). 

The method is to 


Fig. 1 i8-The long-waU system of mining. ^ groove in 

the face of the coal, leaving an overhanging block. The block 
is split off either by blasting or by driving wedges, and loaded into 
a truck on rails and pushed or hauled to the main roadway whence 
it is hauled, usually mechanically, to the bottom of the shaft. 

Machines for cutting the coal are often used, and where there 
is room to handle them are preferred to hand-labour. Actually, 
in only about a third of the British mines can they be used, 
either for lack of space or because the props needed to keep the 


roof up get in the way. 

The coal when once cut may have two miles to travel, and the 


miner, once at the pit-bottom, may have as far to walk to his work. 
A man working uses up a good deal of air — for our muscular 
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effort is ultimately performed by making the oxygen of the air 
combine with the glucose supplied to our muscles by our blood. 
He also produces a great deal of heat, and as the bottom of a 
mine is hot and moist, he finds it difficult to get rid of his heat by 
evaporation (p. 117). Moreover, the coal produces gases, chief 
of which is the inflammable and explosive methane or fire-damp. 
For all these reasons it is most necessary to ventilate the mine. 



Fig. 119 — How a coal mine is ventilated. 


and to ensure that through every road and ailey-way flows a 
supply of pure clean air. Roughly speaking, a hundred cubic feet 
of air per man per minute should be supplied. 

In England, the used-up air is sucked out of the mine by 
means of huge fans as much as forty feet in diameter, as high as a 
three-storey house. These are run slowly, but smaller fans run 
quickly are often used. A big mine may need half a million cubic 
feet (a church-fuU) of air every minute. The air is thus sucked out 
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through one shaft and so is compelled to enter by another. 

Very great care has to be taken to guide it through every 
single working in the mine. The diagram (Fig. 119) gives some 
idea of the way this can be done. The difficulty lies in the fact 
that a mine is a complicated maze of workings; and the air 
therefore, if not prevented from doing so, would take a short 
cut from the intake to the exit and never go near the coal face. 
Every passage-way, therefore, which is not in the direct line 
through which the air is intended to go, must be closed by 
wooden doors (D); or fabric screens (S); where the passages fork, a 
regulator (R), which is a partition with a sliding shutter, regulates 
the amount of air which goes to each. 

There are only a few mines where there is no inflammable gas 
evolved from the coal. In these few, the miner lights himself by a 
candle or an oil lamp, often stuck on his hat. But in the vast 
majority of mines, the coal gives out gases which will burn and 
explode if the ait of the mine contains a sufficient proportion. 

The gas is called Fire-Damp by the miners, and it can often be 
heard whistling out of cracks in the coal. A fair specimen of 
fire-damp might be three-quarters methane — which is the stuff 
of which about half of our ordinary illuminating gas is made. 
The chief difference between fire-damp and ordinary gas is that 
the former is not poisonous. Ordinary gas has carbon monoxide 
in it — fire-damp has not. Another dangerous explosive is fine 
coal dust. Almost any inflammable fine powder will explode if 
mixed with air. Thus, you are not allowed to take a light into a 
flour-mill for fear of explosion. A mixture of air, fire-damp and 
coal dust is very dangerously explosive, and in “fierj'” mines 
explosions will occur in spite of the precautions taken. The best 
precaution is good ventilation which sweeps the gas away, 
iiqually important but more difficult to enforce is the precaution 
of seeing that no flame or spark which might explode die gas can be 
made in the mine. Miners are searched to see that they do not bring 
matches into the mine and the nune is lighted by some arrangement 
which cannot set the gas alight. Electricity is used in mines which 
have little or no gas, but it introduces danger from stray sparks. 
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The miner himself may carry an electric lamp rather like an 
electric torch worked by an accumulator, ora safety lamp burning 
oil. The safety lamp does not give much of a light but it is really 
safe, and, above all, it warns the miner when the air contains much 


gas. The principle of the safety lamp is that a flame will not pass 
between two cold metal surfaces very near to each other, for 
these cool the burning gas down till it will no longer burn. 
Thus, a flame will not go through cold copper gauze nor will it go 
through a narrow chink between two pieces of brass. 

Fig. 120 shows a safety lamp. The air enters at A, passing 



through two layers of copper gauze 
and then down between the thick 
outer glass chimney C and the thinner 
one D. It supplies the flame on the 
wick, and the burnt gases pass up the 
metal chimney and out through three 
copper gauzes. If there is a dangerous 
amount of gas about, it forms a pale 
mantle of flame round the bright oil- 
flame and the miner knows there is 
danger. If the flame sets ahght to the 
air-gas mixture, this may burn in the 
lamp but the flame cannot pass outside 
and explode the air and gas in the 
workings. Why shouldn’t the miner 
open the. lamp? You might think he 
would not be fool enough, but there 
are always a few fools in every job, 
and a simple device prevents him 
from opening his lamp. An iron bolt 
which cannot be reached from’outside 
is held by a spring so that it locks the 
brass base from being unscrewed. 
When the lamp is to be filled outside 


Fig.izo— A iiK^era safety lamp the mine, It IS stood On a powerful 
(Coufteay of Messn. John ... n • 11 

Davis, Ltd., Derby) magnet which pulls the iron bolt 
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J he lower end of the tunnel earning water from Loch "I'reig and J-och Laguan 
the Ihirish Aluminium Lonipany’*^ works at Lort W'illiain. 

(By courtesy of T/je 




The turbines and dynamos of the British Aluminium Company’s works at 

Fort William. 
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down and allows the lamp-man to imscrewthetop. If the lamp goes 
out in the mine, it can be relit by a spark from the “igniter,” an 
arrangement like a petrol lighter. AU the same, accidents con- 
tinue. Sometimes it is blasting, “shot-firing”, that causes them. 
There is a list of “permitted explosives” which are supposed not 
to be able to set light to gas. These do not seem to be qmte safe 
and it is considered that “shot-firing” is the chief cause of coUiery 
explosions. The effect of an explosion is of course disastrous. It 
is not a shattering explosion like that of a shell — ^it is half-way 
between burning and explosion, the sort of thing that happens 
when the gas-fire goes off with a pop — ^but vastly magnified. 
The most disastrous effect is that the air is tendered useless for 
breathing. The burning uses up the oxygen, and the roads arc 
left filled with deadly “after-damp” (nitrogen, carbon dioxide and 
carbon monoxide) which often cuts off the retreat of men in 
distant parts of the workings. The doors and so forth on which 
ventilation depends may be destroyed, so that the foul air cannot 
be removed. Worst of all, the explosion often causes the roofs to 
fall and cut off the retreat of the miners. But actually explosions, 
though appearing very terrible, kill far fewer miners than other 
accidents. In two recent years, explosions killed only 246 men 
out of 2,048 who were killed in mines. Roughly, one collier in 
every thousand is killed by some kind of accident each year, and 
about 180 in every thousand (more than one in six) are injured 
badly enough to keep them 3 days from work. The chief causes 
of injuries are accidents due to fidls of roof and to collisions with 
trucks of coal in the narrow and congested roadway. Very little 
improvement has been made, and when we compare the dangers 
of coal mining with those of the farm labourer or mechanic we 
wonder whether these menace well enough paid at an average wage 
of 44s. a week (1955). For years the miners have said that the owners 
do not take enough precautions against accident: the owners say 
the same of the miners: doubtless there is justice on both sides. 

The coal, while we have talked of accidents, has found its way 
to the pit shaft whence a winding engine hauls it to the surface. 
The winding engine is quite a problem in itself. It must stand 

8 
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idle when nothing is being hauled, then heave up five or six tons 
of coal quickly to the surface. The best of these engines will 
haul five tons of coal vertically up a shaft a third of a mile deep at 
thirty miles an hour. 

The boiler of the engine must always be ready to give a big 
supply of steam at a moment’s notice. On the other hand, it is 
bad business to keep burning the whole time a fire of sufficient 
power to give this big supply. So an “accumulator” is used. A 



Fig. 121 — Steam accumulator. In the up[>cr figure such part of the boilers 
steam as is not required is being forced into hot water, further raising its 
temperature. In the lower fi^rc the supply of high pressure steam is cut off, 
and by opening the valve F steam is being supplied from the superheated 
water in the accumulator. 

reasonably small boiler gives a continuous supply of steam at, 
say, 150 lbs. square inch pressure, which is forced into anotlicr 
boiler of hot water. The steam condenses under the pressure and 
superheats the water, i.e., raises its temperature, to say, i8o“ C., 
much above the ordinary boiling point. When a big supply of 
steam is needed, the accumulator is connected to the engine and 
as the steam enters the cylinders of the engine, the pressure falls 
and the water boils supplying the large amount of steam required. 
The temperature of the water falls, of course, as it boils, but long 
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befote the water has become too cool to boil, the coalhas been hauled 
to the top, and the boiler is charging up the accumulator again. 

When the coal is at the top, it is by no means fit to be sold. 
The top and bottom of a coal seam are usually black shale, looking 
just like a bit of coal to the amateur eye. But shale does not bum, 
and worse, it splits in the fire with loud explosions which used to 
be common in coal fires when coal was not so well “cleaned.” 

Sometimes the shale is separated by throwing the coal on a 
travelling band from which a line of pickers take out the bits of 
shale. More often, machines are used. A coal cl ean ing ma chin e 
is very ingenious. Try and think of a machin e to separate 
irregular lumps of slate from irregular lumps of coal! The coal is 
screened (sieved) into bits all about the same size and these are 
washed in a stream of water. Now slate is twice as heavy as coal. 



Fig. 122 — Shoving the connection between coal and 
population. 


and so it is possible 
to regulate Ac cur- 
rent of water so that 
it carries off the coal 
and leaves the heavy 
slate. 

The coal is dried 
and goes to the 
trucks on Ae si Angs 
and thence all over 
the world. Great 
Britain turns out 
about 250,000,000 
tons of coal a year: 
the whole world 
turns out about 
1,500,000,000 tons. 
Tills wouldbea coni- 
cal hill of coal as high 
as Snowdon and 
four miles round the 
base. 
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The places in the world where coal is won are still the parts of 
the world where people congregate, and where goods ate made 
and money changes hands. 

Fig. 122 shows a map of England with the coal area of England 
shown in hotiaontal siding, while the vertical shading shows 
the areas in which the number of people per square mile exceeds 
512. It tells its storyl 

The coal, once sold,is used in many ways. It may be burned in a 
steam engine, made into coal gas, burned to make electricity, 
used in smelting iron and so forth, or nowadays even made into 
petrol, or it may be burned in the grate or kitchen range. Roughly, 
the uses are one-fifth to the home, one-fifih to the iron and steel 
works, a tenth to the railways, an eighth to the gasworks and the 
rest, rather less than half, is used to drive the engines of thousands 
of factories and to make electricity. 


OIL 

The second greatest source of power is oil — ^petroleiun and the 
various matetids, petrol, paraffin, gas-oil, crude oil, etc., made 
from it. The greatest oil-producing district of the world is North 
America, whi^ accounts for about three-quarters of the world’s 
supply. The other quarter comes chiefly from Rumania, Poland, 
South Russia, Persia, Burma and the East Indies. 

Petroleum does not, as many people think, occur in great 
subterranean lakes or pools, but is found soaked into a porous 
material such as sand or soft sandstone rock. Sand easily takes up 
one-third of its volume of liquid, as you can prove by pouring 
water into a tumbler of dry sand, llie oil always hu with it 
enormous volumes of inflammable gas. In the oilssmds, this is 
highly compressed — up to 500 lbs. per square inch — and when a 
well is sunk, it is the force of the gas that drives the oil to the 
surface. Underneath the oil is often salt water, and over it is 
always some non-porous rock which prevents the oil and gas 
from escaping. Fig. 12} shows how gas, petroleum and water 
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occur in an oilfield. 

The gas is usually 
highly compressed, 
and if the held is 
tapped near the top 
of the oil formation, 
a supply of diis gas 
may ^ obtained. It 
is mainly methane— 
the fire-damp of coal 
mines — and is a most 
excellent fuel. In 
America it is col- 
lected and pmnped 
to ail the neighbour- 
ing towns as gas- 
supply. Fig. 1 25 gives 
only a general idea of 
an oilfield: very many 
other arrangements 
cf rocks are possible, but in most of them, the light oil finds its 
way to the top of some sort of dome-shaped mass of porous rock. 

When a new oilfield is struck, the gas and oil may escape from 
the porous sands into the casing of the borehole with such 
violence that a vast jet of oil, gas and sand may run to waste for 
months. The spray of oil falls for miles round: the roar of escap- 
ing gas is unbeatable. Very often the air is so full of gas that the 
bystanders ate half anaesthetised by it. 

Most oilwells are now drilled by the rotary method (Fig. 124). 
A tall framework called a derrick is erected. This, the most 
conspicuous thing about an oilwell, is needed so that the drill 
stem can be hauled out of the hole by ropes going over pulleys 
at the top of the derrick. At the bottom of the derrick, is a 
rotating table (T) which is driven, usually by a chain, from an oil- 
engine or steam-engine. 

The table has a square hole in it and through this passes a 
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Fig. 12) — ^Diagram of an oil-field. 
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Fig. 124 — Rotary dg for ddUir.g oil-wells. 


hollow Stem, to which many lengths of pipe are attached. To the 
end of these a hoUow drill is connected. As the table turns, the 
weight of the driU stem forces the drill to grind away the rock. 
Water or, better, thin mud which is heavier and supports the walls 
of the hole, is pxunped down the stem, and washes the mud to 
which the rock is converted up to the sur&ce. This goes on until 
the drill is blunted, when it has to be hauled to the surface and re- 
sharpened. As there may be three thousand feet of drill stem, and 
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the derrick allows only 100 feet to be drawn up at once, this is 
very wasteful of time. 

When the oil is nearly reached, a flow of gas is usually en- 
countered, and the hole is th^ lined by 
lowering a casing of iron pipes into it. 
This prevents the boring from caving in. 
The drilling once done, it remains to 
extract the oil. If there is likely to be a 
great pressure of gas, a massive steel valve 
is fitted to the top of the casing and the 
final drilling is done through this. 

Sometimes the huge pressure of gas 
blows away the casing head, derrick and 
all, and the oil runs to waste, but in most 
wells the gas drives the oil easily and 
smoothly to the surface. In order to use 
the pressure of the gas to the best advan- 
tage, a “casing-head” of some kind is fitted. 
Fig. 125 shows a “Packer-Jet.” A pool of 
oil and gas collects round the bottom of the 
pipes. The compressed gas travels up the 
outer pipe and at the same time pushes 
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Fig, 125 — Gwing-hcad and 
Pftckef'jet of oil-wcU. 
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the oil up the inner one. The gas finaliy escapes by valves into the 
oil pipe and hfts a froth of gas and oil to the surface. This goes to 
the storage tanks. In some American oilfields, the casing-head 
gas is pumped to towns several hundred miles away, but in 
many oilfields it is wasted. 

The well in time flows more and more feebly and finally deep- 
well pumps have to be used. 

In 1927 twelve hundred and fifty million barrels of crude oil 
were produced. This quantity represents a continuous flow of 
oil at a rate rather less than die flow of the Thames through 
London in a dry summer. The yearly total would fill a lake six 
miles square and ten feet deep. The weight of the oil produced 
each year is some 200,000,000 tons: this is only about a seventh 
of the weight of the world’s yearly supply of coal, which is 
therefore stiU the most important source of power and heat. 

The petroleum as it comes from the earth may be yellow, red- 
brown or greenish — not unlike a heavy lubricating oil. It is 
almost entirely made up of the elements carbon and hydrogen. 
Girbon and hydrogen atoms may be hitched together to make 
many thousands of kinds of diflerent molecules and several 
hundred of these varieties are to be found in any sample of 
crude oil. 

Crude oil, is then a medley of diflerent hydrocarbons. Page 255 
shows some of the chief molecules in it. Now it is easy to see 
that since all molecules at the same temperature have the same 
energy — ^for the temperature of a thing is the energy of its 
molecules — the little light ones must be moving fast and the big 
ones slowly. So, if one heats petroleum — ^that is, speeds up its 
molecules — the first ones to be speeded up enough to fly away 
from the liquid in the form of vapour will be the lightest, ones. 
In the same way, if we cool petroleum vapour, the heaviest 
molecules will be the first to change back to liquid and the 
lightest molecules will need the most cooling to make them 
cling together into the liquid form. 

The modem way of refining petroleum is to pump it through 
rubes set in a furnace (Fig. 126), keeping the pressure so high that 
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CRUDE PETROLEUM 
is separated by refining into 
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PETROL with such 

molecules as 


alii* 

Hexane Pentamethylene Di-isopfopyl 
(black balls represent carbon atoms, white Kalla 
hydrogen atoms) 


PARAFFIN OIL with ktgei 
molecules such as 

Nonane Decabydro-naphthalene 

GAS OIL with Still larger 
molecules such as 

Eicosanc 

LUBRICATING OIL with veiy complicated molecules con- 
sisting of carbon chains in rings and branches 





ASPHALT with huge molecules of unknown size and form. 
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it will not boil. It is then discharged into the base of a tower filled 
with shelves. The hot petroleum, as soon as the pressure on it 
is released, bursts into vapour. All the lighter molecules pass up 
the tower as vapour: the heaviest ones, however, refuse to boil 
and stay at the bottom: these constitute fuel oil. The vapour 
partly condenses to li<]uid oil as it goes up the tower; and as the 
vapour bubbles through the condensed oil on the shelves, it 



leaves most of its own heavier molecules behind, and takes up 
the lightest ones from this oil. Steam, blown into the fuel oil at 
the base, helps to hasten the lighter molecules on their way. 

The result is that heavy gas-oil finds its way to the lower 
shelves: less heavy paraifin-oil (illuminating oil) can be run off 
about half-way down, while petrol vapour leaves the top of the 
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tower uncondensed. This petrol vapour is run dbrough water- 
cooled tubes and so turns back to liquid petrol. 

Paraffin and petrol are further re^ed by treating them with 
various substances which take from them the sulphur compounds 
which give the raw liquids a foul smell. 

The fuel-oil left at the bottom of the rectifying tower is often 
made into lubricating oil, paraffin wax and asphalt. 

The process of refining gives us: 

From 100 ► 35 gallons of petrol ►CARS 

gallons ► 10 gallons of paraffin ► OIL LAMPS 

crude — > 15 gallons of gas-oil ►GAS-WORKS 

petroleum ► 58 gallons of fuel-oil ► DIESEL- 

ENGINES 


LUBRICATING OIL. WAX. ASPHALT. 

Lubricating oils must have a high boiling point so that they 
will not evaporate or bum easily. On tbe other hand they should 
not contain any wax, which makes them go solid in cold weather. 
Tc make them, the heavy fuel oil is heated in a boiler and the 
vapour which comes over is condensed. The stuff which remains 
behind in the boiler is a kind of asphalt, used for road-making. 
The liquid which comes over is called wax-distillate. It is cooled, 
whereupon the wax separates out (just as fat separates from olive 
oil or sugar from honey in cold weather). The mixture of wax 
and oil is squeezed through cloth by presses. The wax remains 
behind and the oil passes on. The oil is again distilled and then 
filtered through fuller’s earth, which takes out much of its dark 
colour and also stops particles of wax. Several processes have 
been applied to lubricating oils to help them to stand up to the 
very severe conditions of temperature which obtain in motor- 
car cylinders. Hydrogenation, applied to the •well-known 
Essolube, is one. It is performed by treating the oil with hydrogen 
gas in presence of certain catalysts which make the oil and 
hydrogen combine. The effect is first to convert the many 
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complicated hydrocarbons, which are most easily broken up by 
heat, into a few more resistant ones: secondly, to turn the sulphur 
and nitrogen and oxygen compounds in the oil (which are useless 
and deleterious) into sulphuretted hydrogen, ammonia and water 
which are easily removed. The advertisements have very fully 
informed the public of the effect of the process in improving the 
heat-resisting and other qualities of the oil. 

The complicated tarry hydrocarbons can also be removed from 
the oil by treatment with solvents — a method adopted by the 
Vacuum Oil Company for their Mobiloil. The lubricating oil 
after separation from wax is mixed widi two liquids. The first 
is a liquefied gas (propane, kept liquid by high pressure: 
this solvent may be thought of as an exceedingly light petrol. 
The second is a liquid somewhat resembling carbolic acid. The 
first solvent dissolves all the desirable part of the oil: the second 
dissolves the tar. As the two solvents, like oil and water, do not 
mix, they separate out on standing. The top solution is lubricating 
oil in propane, the lower is tarry matter in the “tarry solvent.” 
Both of these are distilled, so separating the solvents which are 
used once more. The resulting oil is very resistant to high 
temperatures and consequently deposits very little carbon in 
use; it also is more fluid at low temperatures, so ensuring easier 
starting. The figure below illustrates the method. 



PIG. 127 — ^lllustnting the Qearosol process for refining lubricating oil. 
(G)urtcsy of the Vacuum Oil Co., Ltd.) 
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The “pataffin-wax” sepatatcd from lubricating oil is squeezed 
free of oil and as it is (^eap, waterproof, white, odourless and 
tasteless, it finds uses in a great many diifetent trades. It is used 
chiefly for making candles, but a good deal is turned into water- 
proof waxed paper for packing. Some is used in polishes and 
as an electrical insulator. 

Oil and the petrol, etc., made £tom it are very convenient fuels 
indeed. A liquid is (ax easier to pack and store than a solid. 
Moreover, as we shall see, a liquid can be vaporised and burnt 
inside the cylinder of an engine — a much more efficient way 
of making power than burning coal under a boiler to make 
steam. Ihe diflerent oil products ate used for diflerent jobs. 

PetnJ is easily turned into vapour and is therefore the perfect 
fuel for internal combustion engines — cars, aeroplanes, etc. On 
the other hand, it is very easily set alight, whi^ makes it un- 
suitable as a household fuel, and it is expensive, which makes it 
unsuitable for driving the engines of steamships, ^ctories, etc. 

Paraffin oil is not so suitable for internal combustion engines, 
as it is difficult to get it into vapour unless some spedal arrange- 
ment is fitted. Since you can dip a lighted match into it without 
setting it alight, it is safe enough for household use in oil-stoves, 
lamps. Primus stoves, etc. 

Vuel-oil is difficult to vaporise and difficult to set alight. The 
only way to burn it is as a spray. The Diesel engines (p. 272 jf.) 
use a fine spray of oil instead of the petrol vapour of an ordinary 
petrol engine. They are greatly used in ships and very heavy 
lorries and stationary engines, but till recently have been too 
heavy for use in motor-cars and aeroplanes. Much fuel-oil is 
used by spraying it into the furnace <hamber below the boiler 
of a steam engine. This is the chief way of using oil on board 
ship. 


WATER POWER 


The third great source of power is water. To use water-power 
effidendy a ^rly rapid fall is needed. The Thames water, if we 
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could make it do wotk all the way from the hills to the sea, would 
give more than 10,000 h.p., but in fact it is not easy to design 
efficient machinery to use the motion of gently flowing water. 
The ideal condition for using water-power is at a waterfall where 
the water can be made to fall steeply down great pipes to the 
turbine below. In only a few places in England is it possible to 
use water-power. The British Aluminium Co. at Lochaber has 
the biggest electrical undertaking in this country run by water- 
power, and a description of this will give a very fair idea of the 
way water-power is used. 

But first of all we must look at the way in which moving 
water can be made to give up its energy to a water-wheel or 
turbine. There are two chief types of water turbine, namely the 
reaction turbine and the impulse turbine. 

The reaction turbine depends on the fact that the force that a 


jet exerts on the water that spurts from it is the same as the force 
that the water exerts on the jet. The simplest form of reaction 
turbine is the ordinary lawn sprinkler (Fig. 128). If a pulley were 



Fic. 1x8 — A lawn sprinkler, the 
simplest reaction turbine. 


connected to the revolving head, the 
sprinkler could clearly be made to do 
work. The simplest kind of impulse 
turbine is the water-wheel, where a 
jet strikes vanes or buckets set on the 
edge of a wheel and so drives it 
round. Both kinds of turbine are 
greatly employed. 

The energy of the water is energy 
of motion: consequently, a 100% 
efficient mrbine would leave the water 


which has passed through it standing stiU ! This is of course 
impossible, but water turbines xnay extract 85 % of the energy of 


the water. 


The reaction turbine is designed so that its rotating part 
if held still would diange the direction of tiie water stream. The 
stream resists this change by driving the rotor. Fig. 129 shows a 
large reaction turbine driving an electric motor. The water enters 



die vanes of the stator 
and thus is made to 
flow spirally inwards. It 
then flows inwards and 
downwards between the 
turbine blades of the 
rotor and so forces them 
to rotate in the direction 
of the arrow. This kind 
of turbine is very effec- 
tive where heads of 
water from lo to 300 
feet are available. Very 
high pressure water up 
to 1,000 feet or more is 
better dealt with by the 
Pelton wheel. 

The Pelton wheel is 



used where the quantity 
of water is small and its 
pressure is great. It is 
very efficient and its 
efficiency depends on the 

shape of the buckets on Fic. 1*9 — A reaction turbine driving an electric 

its rim (Plate X). If the Bdow is show a hotia^ s^icm of 

. ' , , the vanes in the outer fixed part (stator) and the 

jet of water merely struck inner moving part (rotor). 

a flat stationary plate, it 

would fly out sideways with much energy, all of which would be 
wasted (Fig. i^ob). The Pelton bucket, however, is so designed 
that if held stiU it would catch the jet of water and return it in the 
dinetim in which it came at about the same speed (Fig. 130, a., b). 
But when the wheel is running, the rim is going nearly as flist as 
the jet of water, so the water leaving the bucket is travelling ^r- 
ward with the bucket at just about the same speed as it is deflected 
backward by the bucket. (Zonsequently the water actually has 
almost no velocity at all 1 It drops dead from the wheel, which 
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bucket returns the 


Fig. I ^oa — ^The essential part of a Felton water in the direction 

^heel* it came from, while a 

flat plate (below) de- 
flects it otdy through 
a right-angle. 

receives up to 8 j % of its energy. The control of water at up to a 
thousand pounds per square inch is a tricky business. Valves must 
be contrived to shut off the water very slowly for fear of bursting 
the pipes. They must also be contrived to throttle down the 
water without changing its direction at all, for the Felton jet must 
hit its bucket square in the middle. The usual valve is a “spear” 
valve in which a spear-shaped piece of metal can be screwed 
forward to block the jet to the required extent. 

The ordinary water-mill is partly of the impulse type and 
partly operated by the weight of the water. 

The designing of a suitable turbine is, however, the smallest 
part of the building of a plant to operate by watet-power. 
The greatest part of the task is usually the bringing of the 
water to the works. The maps show how the British Alu- 
minium Company have arranged their undertaking. The 
area (Fig. 151, sectional; Fig. 132, plan) is a baria; water 
always flowing down into it from the hills has formed two 
lakes. Loch Laggan and Lodi Treig. Loch Treig, the lower and 
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neater, is 819 feet above sea 
leveL Some fifteen miles away 
lies Fort William with a hax- 
bour and a railway to bring 
raw materials and take away 
thefinishedproducts. Between 
the two, however, lie the hills, 
the obstacle of which was 
conquered by driving two 
tunnels, four and fifteen miles 
long respectively, to lead the 
water to the power-house and 
turbines. The tunnels ate de- 
signed to lead the water by a 
gentle fidl till it- is some 600 
feet above the works. Thence, 
a pipe-line carries the water to 
the turbines. Fig. 13 1 shows 
the way the tunnels lead the 
water from the two lochs. In 
order to use as much as pos- 
sible of the water in Loch 
Treig, the tunnel had to enter 
the bottom of the loch: this, 
of course, presented great 
difficulties. 

No such tunnels had ever 
been bored in Great Britain. 
Only one in the world is 
longer. 

The ground was carefully 
surveyed and the tunnel was 
started by sinking shafb or 
tunnels in the mountain sides 
in ten different places. By care- 
fully working out the direction 
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of boring the ten different tunnels all ooetaccurately. The rocks were 
mostly very hard, granite, porphyry and schist^ being encountered. 
Needless to say, the engineers ^d not carry the top end of the 
tunnel into Loch Treig itself 1 They completed the tunnel 
ever)rwhete else, lined it with cement and finaUy bored to within 
about 20 feet of the lake. They then honeycombed the rock 
with borings in which two tons of explosive (gelignite) were placed. 
Everything was cleared out of the tunnel; and it was filled up 
with water so that the water of the loch should not rush in and 
carry the rock with it into the tunnel. The explosives were 
ignited by electricity and the rock was blown away, leaving the 
tunnel open into Loch Treig. 

Previously, of course, the Fort WiUiam end of the tunnel had 
been completed. At this end the tunnel has a shaft 30 feet wide 
and 240 feet deep sunk down to meet it: this shaft, the “surge- 
chamber,” allows room for the water tf) at.cumulate if the power 
plant is suddenly shut off. A sluice gate to cut off the water can 
also be worked from here. The tunnel next connects up to three 
pipe-lines made of steel pipe, six feet in diameter. Two of these 
lead through the valve house where the water flow can be 
reg"bted, and thence down a steep slope to the turbines, which 
are huge Pelton wheels. These are coupled direct to the electric 
motors, which provide the current for manufacturing the alu- 
minium — a process further described on pp. 690, 691. Plate XI 
shows the power-house. Q>ntrast its light and airiness with the 
furnaces of a steam-plant. 

The world’s greatest single sotuce of water-power is Niagara 
Falls. Here there plunges over a precipice some 200,000 cubic 
feet of water every second. If all this water were led through 
turbines, about 4,000,000 h.p. could be generated. Actually, 
about a quarter of the water is used and 950,000 h.p. generated. 
There is a treatf between Canada and the U.S.A. limiting the 
quantity of water each may take. Niagara Falls is near to great 
centres of population and rich sources of minerals, so that it 

^ A hard crystalline rock resulting as a rule from the effect of great subterranean 
heat on shale or slate. 
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gives povrer whete there are works to use it, people to run 
^e works and customers to buy the goods. Other great Ms 
such as the Victoria Falls in Bhodesia, which could probably 
generate nearly a million h.p., are ht from centres of population. 
Possibly, if the black races develop, this great fountain of &ec 
power may cause an industrial area to spring up round it: the 
climate, perhaps, makes it impossible for white men to build 
up great industries there. The same ap[dies to the Kaieteur Falls 
of British Guiana and to many others. 

Actually it seems that about 30,000,000 h.p. are generate &om 
water-power, while, if all' the chief sources of water-power 
(exclu^g tides) were used, some 240,000,000 h.p. could be 
made. 

The British Empire— excepting Gmada, which generates mote 
than 5,000,000 h.p. — ^has not greatly developed its huge resources. 


WIND AND TIDE POWER 

Coal, oil and water supply almost the whole of the world’s 
power. A few odd fuels like wood are here and there used for 
power, but these could never be really important. The three 
neglected sources of power ate wind, tides, and the internal heat 
of the earth. The difficulty about using wind-power is that it 
takes a large, bulky and expensive wind-wheel to develop quite 
a small horse-power; that when the wind is feeble a huge and 
light wind-wheel is required to obtain any power, and when 
the wind is strong it is very apt to blow a large light wind-wheel 
away. Moreover, the power is not available all the time, and 
no one knows whether or not there will be a wind, say, a fort- 
night to-day at nine in the mommg. So any system of wind- 
power must be able to store a supply of energy when the wind 
is strong, to be used up on days when it is calm. Now it is not 
easy to store a great d^ of energy. The most efficient way is to 
turn it into electricity and store this in accumulators, but accu- 
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mulatocs ate so e]q>easive that this is not a paying proposition. 
Various other plans have been proposed: it has been suggested 
that the wind-wheels might pump water up to a high reservoir 
from which a continuous supply of water would flow to a turbine. 
Some such plan might be used, but it seems at present very 
unlikely that wind-power will compete with coal and oil. At 
present windmills are occasionally used for pumping water and 
more rarely for generating electricity. 

The use of the tides seems more pro mising Every day the 
sea rises and flills some 1 5 feet twice a day. In some places this 
is much exceeded. In one square mile of sea alone the tide power, 
if it could all be utilised, would give 15,000 h.p. all day long. 
The difficulty is to use the power. An experimental tide-plant 
was recently tried out 
at Avonmouth where 
the tides are very high. 

The principle is to 
allow the tide to run 
in and out of a large 
dammed-off dock 
through a turbine. 

The turbines, which 
will work with a low 



pressure of water, 
such as the tides give, 

are not very efficient and the difficulty really is to build the 
necessary locks, dams, etc., for an amount of money which can 
be repaid by the power that can be obtained from die turbines. 
There is litde doubt that if coal and oil were to run short we 


should soon invent ways of using tide-power very efficiently 
indeed, and probably in the end get the power even mote cheaply 
rhan coal and oil-power. At present, however, no one will spend 
the money required to develop our tide resources. The experi- 
mental plant tried out at Avonmouth Docks employed the 
Shishkoff Hydro-thermal system, which, although the plant 
is not now in use, operated successfully for some time. It 



Z46 


Tbt World of Scimt 



embodies sevetal inteiesting 
principles, notably the tematk- 
able idea of turning work into 
heat and storing this. Fig. 134 
shows the way the tide rises and 
&lls in the river. Take the 
period from high-water (7 a.m.) 
to the next high-water (7.30 

the dock-basin. (Coiutesy at high-water the gates are shut. 


■■Fill 


Mflsisnisisi: 


of Tbt En^ttur.) 


and by 8.45 a.m. the tide has 


dropped so that the water in the river is 10 feet below that 
in the basin. This is a sufficient head to work the turbine. The 


level in the basin, of course, falls as the water goes out through 
the turbine, but it is possible to continue to run it till a quarter 
to five (8 hours out of 12^). The turbines then have to stop while 
the basin fills. The ingenious nofion is employed of driving 
from the turbine shaft, first a dynamo (vertical alternator. Fig. 
153) to supply the current needed, secondly a sort of propeller 
or stirrer (heat generator. Fig. 133) in which water is violently 
churned up so that die friction heats it to boiling. The steam 
from this goes to a steam accumulator — already described 
in connection with the colliery winding engine — and so makes 
a store of superheated water under great pressure. During 
the 4 hours out of the 12J when the turbine has not water enough 



Fig. 1 35. — Section of Shishkoff experimental plant. 
(Courtesy of Tte Etiffneer,) 


Power 


247 

to work it, the charged steam accumulator works a turbiae 
which drives a dynamo and generates the electricity. In this 
way the tide>plant can give a permanent and continuous supply 
of power. Ihe trouble, however, is still the great cost of the 
basin which stores the water. 

There remains the internal heat of the earth. It is found that 
a deep mine gets about a degree Fahrenheit hotter for every 
hundred feet we descend, so that at a depth of 25,000 feet the 
temperature would be well above that at which water would 
boil. So it would seem just possible to let water flow down a 
pipe to the bottom of a bore-hole of that depth and use the steam 
from it to drive an engine. The difficulties are at present enor- 
mous. No one has ever made a hole deeper than 7,348 ft. (about 
a mile and a half), and very deep holes are tremendously expensive. 

In volcanic regions, however, the heat is much nearer the 
surface and it has been found possible to get power from the 
jets of steam which issue from ^e ground in certain districts in 
Italy, where the rocks are believed to be molten only a mile 
underground. Similar plant could be erected in most volcanic 
districts, but unfortunately eruptions and earthquakes make 
these very unsuitable for flictories and power-houses! 

DISTRIBUTION OF COAL-POWER 

0>al has the great disadvantage of being a solid, and a solid 
is the least convenient form of material to distribute. Compare 
the ease of cKcasionally turning a gas-tap with the diffi(^ty 
of stoking a fire. This is not the only disadvantage of burning 
solid coal. An equal disadvantage is that a coal fire or furnace 
cannot be kept steady. The coal is stoked at intervals and the 
fire becomes altematdy hotter and cooler. A gas fire or oil fire 
will stay steady for days together. 

A very successful attempt to overcome these difficulties has 
been made by the expedient of grinding the coal to an extremely 
fine powder and blowing it through pipes to the place where it 
is needed. The first and obvious advantage is the ease in handling 
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Fig, 156.— Coal powdeied in a mill such as that of Fig. }92a is blown thtough the 
pipe P into the fumace chambet. Futther ait {torn the pipe (S) assists the com- 
bustion. (Ftom material kindly supplied by the British Rema Mfg, Co., Ltd.) 

it; the second that small coal and slack can be used; a third that 
the same blast of dr can carry the coal dust into the furnace, 
burn the coal and sweep away the ash. 

The powdered coal dust is burnt almost like a gas in a special 
burner. Fig. 136 shows an installation for heating a Lancashire 
boiler by powdered coal. The coal-dust and air (P) pass through 
the face of the burner, from slots in whidi further air (S) issues. 
A small supply of ait (T) round the edge of the setting prevents 
damage to the firebrick lining. 

It is obvious, however, that pulverised coal is useful only for 
large furnaces and that it would be quite unmanageable for 
domestic heating. 


COAI. GAS 

Coal can be turned into gas in various ways, the simplest 
of which is to heat it. Watih a lump of coal when put on the 
fire: it gives out a smoke which later catdies alight and bums 
with a bright flame. This smoke is very impure coal-gas. After 
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a time no mote flame comes from the coal and it singly buxns 
\dth a blight ted glow. If a bit of this glowing coal is quendied 
in water, you will see that it is coke. 

Now, if anything is to bum, it must have air, and so to get the 
coal-gas widiout burning it the coal is heated in wide tubes 
called retorts (Fig. 138), into which air cannot enter. In Fig. 138 
is shown a plan of a modern gas works. The coal is first broken, 
then raised by a mechanical elevator to bins, from which it runs 
down to the retorts. These are long firebrick shafts heated by the 
flame from a furnace. The waste heat of the latter is used to 
ndse steam in a boiler. As the coal passes down the retorts it is 
slowly raised to a bright red heat and gives out all its gas in an 
impure state, mixed with steam, tar-vapour, etc. The coal, when 
it reaches the bottom of the retort, has become coke: this is 
cooled, broken up, sorted into sizes and sold. 

Why should coal contain “gas”? Q>al contains about 90% of 
carbon and 4 per cent of hydrogen by weight. To this is to be 
added some nitrogen, some sulphur and some ash. 

These elements are not merely mixed in the coal but their 

3 Hydrogen 


Sulphuretted hydrogen 

Benzene 


Carbolic acid (phenol) 


«•* 


Methane 


Ethylene 


Carbon monoxide 


Naphthalene 



^ Carbon dioxide 


Ammonia 


Fig. 157. — Some molecules in crude coal-gas. (For key^ see footnote, p. 567.) 
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atoms are combined in rather complicated meshworks about 
which we do not yet know a great deal. When the coal is made 
red hot, its atoms are speeded up tremendously: in the retort 
the complicated meshworks of atoms are broken to small pieces. 
Some of these pieces, chiefly networks of carbon atoms, remain 
as coke; but the smaller pieces or molecules fly off as gas. Among 
these (Fig. 137) are the simple molecules of hydrogen, methane, 
ethylene, carbonmonoxide,carbondiozide, ammonia, svdphuretted 
hydrogen, and the more complicated molecules of benzene, car- 
bolic acid and naphthalene, and a hundred or so other substances. 

Roughly speaking, half the gas is hydrogen, a third is methane 
and a tenth is carbon monoxide; of the rest i % may be ammonia, 
2% hydrogen sulphide, and 4% other substances. If we let 
some of the gas escape as it comes out of the retort, it looks 
quite unlike coal gas. It appears to the eye just like the thick 
smoke which rises when a shovelful of small coal is thrown on 
a hot Are. The smokiness is due to droplets of water and tar. 
As soon as the gas cools, most of the tar and steam condense, 
and by passing the gas through water-cooled iron tubes (Fig. 138, 
condensers), it is cooled down enough for nearly all the tar and 
water to condense out. The tar is most valuable. By distilling it, 
motor-spirit and the raw materials for nearly all our drugs and 
dyes, disinfectants, explosives, plastics, scents, etc., etc., can be 
made. More is said in Chapter XKIII about this. The gas is now 
fairly clear, but it still contains ammonia which is too valuable to 
lose and hydrogen sulphide, which would make the fumes from a 
gas flame poisonous and corrosive. So the gas is pumped through 
washers and scrubbers containing water whi^ dissolves the 
ammonia but not the other gases. The water is used over and 
over again until it contains about a fiftieth of its weight of 
ammonia. It is then run off and turned into sulphate of ammonia, 
one of file most valuable of fertilisers (p. 649). The gas next 
passes through purifiers, trays of powdered iron-ore. This is a 
compound of iron and oxygen. When a molecule of 
this meets a sulphuretted hydrogen molecule, the iron captures 
the sulphur and gives its oxygen to the hydrogen. 
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One molecule iron ozide^ One molecule of iron 

and three of sulphuretted change to sulphide and three of 
hydrogen water. 

The chemist symbolises the picture we have drawn as an 
equation 

3H2S Fe203 = 3^2^ “1" ^^®2^3 

When ail the iron oxide has been turned into iron sulphide, it 
is thrown out in heaps in open sheds. Here, the air changes it 
back to iron oxide again and sulphur. 



Iron sulphide Iron oxide Sulphur 

and oxygen 


Thus, the iron oxide can be used again and again and finally, 
when there is more sulphur than iron oxide in it, it ends a profit- 
able life by being turned into sulphuric acidl 

The gas is now ready for use and passes into the huge gaso- 
meters where it is stored over water, or in the newest gasometers 
under a huge “piston,” and thence it is driven at a steady pressure 
to the town. 

Very large gas-works purify their gas more elaborately. It 

^Oxygen atoms are teptesented 'with line shading: iron atoms ate matked Fe: 
sulphur atoms S: the vety small sphetes are hydrogen atoms. 



Power 2j) 

pa3rs to do this, because all the impurities taken out ate useful 
for some other purpose. 

Our ton of coal has now been split up into four chief 
products: 

230 lbs. of gas.^ 

1 12 lbs. of tar. 

20-40 lbs. of ammonia as ammonium sulphate. 

1550 lbs. of coke. 

The gas is used for domestic purposes, heating, cooking and 
lighting chiefly. It is rather expensive for large-scale heating 
or driving machinery, but for domestic work and for small 
heating jobs about factories it is invaluable. 

The tar, when distilled, gives us benzol for motor-spirit, 
disinfectants, naphthalene and anthracene (invaluable for making 
dyes) and finally leaves behind pitch, which, when melted, is 
sprayed on out tar-mac roads. 

By making coal-gas at as low a temperature as possible, less 
gas and more tar is obtained. It has been found possible to turn 
this tar into valuable motor spirit by hydrogenating it. The tat 
is mixed with some molybdenum sulphide, which helps on the 
reaction but is not used up, and hydrogen gas is pumped into it. 

The product is a very good yield of motor spirit. This process, 
if developed, can make Great Britain independent of the over- 
seas oil-wells from which her petrol is now taken. 


PRODUCER GAS 

In making ordinary coal gas, the coal is split up into gas, 
liquid by-products and coke. It is a common practice to turn 
the coke into gas also. This can be done by making it combine 
with the oxygen of the air or with steam. 

The “producer” is a simple arrangement for turning coke 
into It depends on die £u:t that coke — ^which is carbon — 
burns in the oxygen of die air and gives the gas carbon dioxide. 

^These figures vary according to the quality of the coal. 



254 


TAe World oj Sciem 



Fig. 139. — How carbon monoxide is 
formed in a coke dte. Oxygen 
molecules (i) enter and combine 
with carbon atoms (2) making car- 
bon dioxide (3), which with more 
carbon (4) makes carbon monoxide 
(5» 5)f which meeting with more 
o^^o (6) bums to carbon 
dioxide (7). 

and carbon monoxide and i 
mixture, of course, 


This gas will not burn, but 
when it passes through red-hot 
coke it changes to carbon mon- 
oxide, a gas which will buml 
To turn coke into gas, all that 
is needed is to let air pass up 
through a thick layer of red-hot 
coke. You can see this happening 
in a night-watchman’s brazier 
or a red glowing coal fire. The 
air passes in at the bottom, and at 
the top, burn pale-blue flickering 
flames of carbon monoxide. • 
The “producer” is simply a 
large stove. Air (oxygen and 
nitrogen) enters at the bottom 
rogen leave at the top. This 

MONO PRODUCER 


cannot burn — as it 
does in the bucket of 
coke — because there 
is no air above the 
coke in the producer. 
Producers are often 
used to fire furnaces. 
The gas-works in 
Figure 138 is fired by 
a producer. Air enters 
below, passes through 
the layer of glowing 
coke and leaves it as 
producer gas — carbon 
monoxide and nitro- 
gen. This meets a 
simply of air in the 
upper part of the 



Fig. 1 40. — ^Tbe Mond producer. Ait is blown through 
a mass of glowing coke. The issuing gas is a mixture 
of inflammable carbon monoxide and inert nitrogen. 
Note the arrangements for adding fuel and with- 
drawing ash without admitting air. 
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famace and burns, so heating die retorts. 

Producers are often used to drive large gas-engines and a lorry 
has been marketed which carries a little producer on the running- 
board. This is fed with charcoal and the producer gas is burned 
in the enginel The arrangement is of course bulky compared 
with the petrol engine; but it is very useful to be able to run a 
lorry on charcoal in savage countries where petrol cannot be 
obtained. 


WATER GAS 

Another way of turning coke into gas is to make it white-hot 
and blow steam over it. Each steam molecule combines with a 
carbon atom and makes a molecule each of carbon monoxide 
and hydrogen, both inflammable gases. If we represent a carbon 
atom bj a black ball, an oxygen atom by a grey ball and a hydrogen 
atom by a small white ball we can express what happens as: 

^ flfi) '■ « 

Fic. 141. — Carbon and water — >- carbon monoxide and hydrogen. 

Unfortunately, the coke cools down in a few minutes and has 
to be heated up again by an air-blast. 

The water-gas from the steam and coke has excellent heating- 
power. Unfortunately it is odourless and very poisonous, so 
that if it is supplied to houses escapes may occur and poison the 
unfortunate innutes, who are not warned by the smell. Attempts 
to scent the gas have not proved successful and in England, at 
least, it is chiefly used for mixing with coal-gas, which has a 
powerful smell of its own. 

HOW WE MAKE HE.^T 

The energy in coal, oil or gas is chemical energy. When they 
burn— that is to say, combine with oxygen— this energy appears 
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as heat For many puiposes, it is as heat we want the energy, 
but for many others we want it as work. 

First of all, let us think about heating. There is no difficulty 
about getting a full measure of heat from coal, oil or gas: you 
have merely to set them alight and supply them with plenty of 
air. The problem is rather to get the heat where it is wanted and 
at the right temperature. 

First of all, suppose we are heating an ordinary room. We can 
do it by a coal fire, a coke stove, hot- water pipes, a gas fire, an 
electric fire (and one or two less important ways). 

Everyone likes the coal fire best, though everything is to be 
said against it. Though it is not very eapensive, it is very wasteful 
of heat. Only about one-fifth of the heat of a bright coal fire 
enters the room and the rest goes up the chimney. A dull fire 
is far less efficient even than this. All the valuable ammonia, 
motor-spirit and other by-products of the coal are wasted. A 
horrid smoke ascends to the sky and befouls our lungs and makes 
London fogs. Coal, too, is ditty and bulky to store and heavy 
to carry. But unquestionably we like the coal fire best. It looks 
beauti^l — a thing that matters a great deal in one’s house. It 
sends its heat into the room as radiation, which means that the 
body is warmed where the heat rays fell on it, while the trans- 
parent ait stays fairly cool. But there is little doubt that if the 
coal fire were forbidden and factories which (quite unnecessarily) 
emit clouds of black smoke were heavily fined, in a few years we 
shotild be rejoicing in the change. London would have the clean 
bright sunshine of the country. Its buildings wotild be white where 
now they are black; its stonework would no longer corrode away. 

No factory could afford to burn coal in the uneconomical way 
that an open grate does. The engineer realises that when he buys a 
ton of coal, he is buying, say, 54,000,000 British Thermal Units 
of heat, enough to heat a hundred tons of water from 60® F. 
to boiling point, and that heat he means to have as fiw: as it 
is possible. He does not intend to let valuable combustible gases 
and carbon go up the chimney as smoke, and so he supplies 
enough air to bum the coal completely to carbon dioxide and 
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steam. Even the waste gases — nitrogen, carbon dioxide and 
steam — which have to escape up die chimney, have every 
available calorie of heat extracted from them. 

Let us look for a moment at the boilers of the modern steam 
turbine such as runs an electrical generating station. In the first 
place the biggest possible area of boiler is exposed to the flame, so 
that by the time the gases leave the boiler they have given as 
much heat as possible to the water. This is accomplished by the 
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use of a water-tube boiler in which almost all the water is in com- 
paratively narrow tubes which present a huge surface the hot gases. 

The gases then pass through a f^-watet heater (fuel 
economizer) where they give up still more heat and so warm up 
the water that is going to be supplied to the boilers. Finally they 
flow over tubes through which the air supply to the grates is 
passing, so giving up more heat still. 

In order to burn the coal effectively, it is not advisable to stoke 
the fire by throwing coal on top of it. The best way is to supply 
coal to the underneath of the fire, where the smoke and gas 
have every chance to burn before they get to the top. An enor- 
mous amount of air is wanted to burn the coal. A ton of coal 
requires about ii tons of air to burn it, and ii tons of air are 
about 12,500 cubic yards. Moreover, if the air is supplied under 
the coal, it turns it into carbon monoxide as in the “producer”; 
this means that the coal is combining with only half its possible 
oxygen and giving out only about one-third of its possible heat. 
So all good furnaces supply “secondary air” above the coal in 
order to burn the carbon monoxide to carbon dioxide. In the 
plant illustrated, an automatic stoker is used. The coal is dragged 
into the furnace on a sort of “diain-mail” grating which runs at 
such a speed that all is rapidly burned and the ash is discharged by 
the same moving grating. Air is blown through the grating by 
fans. In this way the coal and air supply are proportioned to give 
perfect combustion. The issuing gases are often purified from 
dust and sulphur dioxide, so rendering them entirely innocuous 
to the health of the surrounding district. 

By taking all these precautions, it is possible to make up to 
80 % of the heat produced by the burning coal enter the boiler. 

HEATING BY GAS AND ELECTRICITY 

Gas heating varies a great deal in efficiency. The hotter the 
fireclay in a gas fire can be made, the more heat is thrown into 
the room and the less goes up the chimney. The gas fire is, on 
the whole, a good deal more efficient than ^e coal fire and wastes 
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less than half its heat up the chimney. 

The most efficient way of using gas is in a flueless heater. 
This sends all its heat into the room, but of course has the 
disadvantage of using up the air and causing no ventilation. 

The electric fire requires no chimney, for it produces no fumes 
and needs no air, and so all the heat it gives is used to warm 
the room. But the electricity was made from coal and the best 
generating plant can only turn about 27% of the heat of the coal 
it bums into electricity. Some of this is lost in distributing it, 
so that the electric fire is really giving you only part of the heat 
of a coal fire at the generating station. 

CENTRAL HEATING 

Hot water or steam gives the most efficient way of warming 
rooms. All the warmth goes into the ait of the rooms and an 
efficient type of boiler uses some half of the heat of the coke it 
burns in heating the hot water, and all this heat goes to heat 
the room. The disadvantage of the system is that it does not 
ventilate — coal or gas fires carry a stream of air through the room 
iu the chimney — and it does not radiate much. It is much pleasanter 
to have the skin warmed by radiant heat and surrounded by cool 
moving air than to have it warmed by still hot air. None the less, 
the cheapness and convenience and safety of hot-water heating 
make almost every big building use it. The cost of the different 
methods of heating a room work out roughly as follows. Taking 
coal and coke at £z a ton, anthracite at 90s. a ton, gas at 8^d. 
a therm, and electricity at id. a unit, the costs ate estimated.* 


Central heating 

12 

Coke stove 

12 

Open coal fire 

21 

Anthracite stove 

22 

Flueless gas-heater 

31 

Gas fire 

30 

Electricity 

100 


^ Adapted from Housi Heatings by Margatet Fisbenden: Witherby, 1925. 
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HEAT AND WORK 

A pfoblem which has only been solved in the last i;o years 
is a method of taming heat into work. The answers to it are 
the steam engine and the internal combusdon engine. From 
these two almost all our power is drawn and on diem out whole 
civilisadon tests. Suppose, by some nutacle, out steam engines, 
out gas engines and oil engines wete all desttoyed. At once 
electricity would fail, fot it is neatly all made by driving dynamos 
with steam (ot tately oil) engines. Gas could pethaps be made 
fot a few days fot out heating, but only in the smallest wotks 
could the co^ etc., be handled by men and hotses. Meanwhile, 
the ttams have stopped, the ships have stopped, the cats have 
stopped. The towns in a few days ate shott of food: a few days 
mote and the town populadon is freezing and statving. Ten 
yeats latet the populadon would be back at the six million ot so 
who lived in England in the eighteenth century, farming and 
carrying on the ancient crafts by hand. Gvilisadon does not 
depend on the engine, for in the seventeenth century Europe 
was civilised; but the keeping of forty-five million people in 
reasonable comfort in this litde island is only made possible 
thereby. Let us, then, look at the steam engine as the prime 
reason fot modem industrial civilisadon and look on its chief 
inventor, James Watt, as the man who, in the whole of history, 
has had the greatest influence on the world. 

By burning coal (or oil) we get heat. By this we mean that 
coal and air molecules moving quiedy at the ordinary temperature 
combine, so forming molecules of carbon dioxide at some 
1500° C. These molecules are moving several dmes as fast as 
those of carbon dioxide at ordinary temperatures and so have 
far more energy. 

G>al and air combine ot “bum,” and hot a medley of 
violendy moving molecules, is obtained. We want to turn that 
violent haphazard jostling of molecules into an orderly circular 
motion of a wheel I 



The steam engine’s answer to the problem is this. Make the 
molecules of the hot gas jostle against and so speed up the mole- 
cules of a boiler and let these again speed up the molecules of 
water in the boiler. If the water-molecules are speeded up enough, 
their attraction will no longer hold them together and they will 
fly off as the gas, steam. Make a movable partition (a piston) against 
which the steam molecules can knock. When they have pushed 
it one way, bring the steam to the other side of die partition and 
let the molecules push it back again. 

Connect to the partition some device for turning back-and- 
forth motion into circular motion and the job is done. 

If you do not like that solution of the problem, let the steam 
molecules jostle against one side of a set of vanes stuck in a 
wheel and not against the other. In this way, they will push the 
wheel round. This is the principle of the turbine.. 

Now it took a great many years to learn to make an engine 
which would work efficiently — that is to say, which would turn 
a reasonable proportion of the motion of the steam molecules 
into motion of the piston. It can be proved theoretically that 
a steam engine can turn only a certain proportion of the heat 
given to it into power and the very best steam engine yet mad^ 
cannot turn a quarter of the coal’s heat into work. It seems very 
prodigal to let three-quarters of our good heat go to waste; 
but if you do not like it, your only remedy is to use an oil-engine 
which wastes only three-^hs of its heat. And as oil, in England, 
is more expensive than coal, you may be worse off than ever. 


THE STEAM ENGINE 

The steam engine first of all requires a boiler in which the 
steam is generated. An elaborate boiler is shown in Fig. 142. 
For smaller installations a Lancashire boiler (Fig. 143) is a 
favourite type, though many other designs are in use. The 
lAncashite boiler has its fire in a cylindrical space surrounded 
by the water. The fuel bums on the grate and the fiame and 



262 The World of Science 

hot gas travel dowa the centre and then undemeadr the boiler 
and away through the flue to the chimney stack which provides 
the draught. This arrangement gives plenty of time for the fire- 
gases to hand over their heat to the water. The water in the 
boiler boils at a temperature which depends on the pressure. 
If the boiler delivers steam at 60 lbs. pressure, the boiling point 
will be 145“ C. The boiler has safety-valves which open when 
the pressure goes above some fixed value. They are in principie 
like the valve described on page in. The tendency is to build 
boilers to operate at ever Hgher pressures: one im been used 
which actu^y turns water straight into the same volume of 
steam without any boiling (p. 121) at 374° C. and 3158 lbs. per 
square inch. Higher pressures, we shall see, mean greater 
eificiency. 

Look at it this way. You put energy into the steam engine 
as heat. The higher the pressure of the steam, the hotter it is: 
consequently, the higher the pressure, the mote energy goes 
into the engine per pound of steam. Now the steam comes out 
of the engine as a puff of steam at, say, 100“ C. (as in a iocomotive) 
or as water, if the engine has a condenser. Now, when the steam 
comes out of the engine, it carries with it heat which has not been 
turned into work: again, when it condenses, it gives up heat to 
the condenser water and this heat cannot be turned into 
work. 

Suppose, then, that a certain amount of steam when it leaves 
the engine takes with it 1000 calories of heat. Now, if we put 
this steam into the engine with energy equal to ijoo calories, 
we shall get ;oo calories back as work and waste 1000. But if 
we put the steam into the engine with zooo calories of energy 
in it, we shall get 1000 back as work and waste 1000. So, in the 
first case we should waste two-thirds of our fire’s energy; in 
the second case only 6ne-half. So clearly the greater the energy 
of the steam when it enters the engine and the less its energy 
when it comes out, the more efficient our engine will be. Any 
heftt that escapes from the engine as heat will lower its efficiency. 
So the tendency of steam-engine makers is first to use high 
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temperatute and high pressure steam: secondly, to eapand the 
steam to the lowest possible pressiites before it escapes or con- 
denses; thirdly, to protect the outside of the engine from cold 
air. 

The steam, once generated, passes through a large valve by 
which it can be controlled and goes either straight to the engine 
or the superheater, which is a set of tubes heated by the furnace 
gases. This makes it hotter and so prevents condensation to 
water in the pipes; it also adds something to its energy. The 
steam now comes to the engine (Fig. 143), to which a valve 
admits it. To understand the engine, look at Figs. 144, 145. 



The shaft which carries the wheel has an eccentric (p. i88) on it, 
which has the effect of moving the piston-valve (P) up and down 
as the shaft turns. When this valve is at the bottom of its stroke, 
the compressed steam (dark shading) enters below the piston and 
forces it up. The e3q>anded waste steam (light shading) from 
the previous stroke is pushed out through the piston valve to 
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Pig. 145. — ^Ulustntiag the way in which the position of the valve is con* 
ttollcn by the position of tm piston. The tight band figure shows the 
position one quartet tevolution or half-stroke later than the 1^-band 
figure. 


the exhaust pipe. When the piston teaches die top, the piston 
valve is moved up by the eccenttic. Live steam now enters above 
the piston and forces it down while the expanded steam from 
the last stroke escapes. 

Now it would be wasteful to let steam escape which has not 
fully or fairly fully expanded; and it would appear that we are 
doing this; actually, however, the piston valve cuts off the supply 
of con^ressed steam to the cylinders when the piston has moved 
only a quarter or less of the way up or down the cylinder and 
the compressed steam already in the cylinder drives it the rest of 
the way by expanding. The steam is even then not fully eiqianded, 
accordingly it may enter (as in the engine shown in Fig. 143) 
a second and much larger low pressure cylinder, where it expands 
still more; in large marine engines it commonly goes to a 
third one. If the final cylinder was open to the air, the steam 
could only expand till its pressure was ihe same as that of the air, 
i; lbs. per square inch; but, in efficient engines, the steam 
exhausts into a condenser which is a space containing no air and 
kept cold by water cooling. The steam here condenses back to 
water. The pressure in this condenser is very small indeed, 
perhaps only | lb., and the steam can expand as much as the 
size of the cylinders wiU allow it to. 

We can see, then, how the steam gives an up and down move- 
ment to the piston rods. This is changed to a circular motion 
by the arrangement best seen in Fig. 143, and already discussed 
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Fia — ^Parsons* Turbine. 
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on page 189. The shaft always carries a heavy flywheel, for the 
piston is not exerting any turning force on the shaft at the extreme 
top and bottom of the stroke (Fig. 94), and the kinetic energy 
stored in the heavy flywheel carries it past these points. The 
“governor” deserves a note. A steam engine is normally required 
to turn at a steady speed whether loaded or not. Suppose you are 
driving a circular saw with it. The tendency would be, as soon as 
the log was sawn through, for the engine, having no resistance to 
oppose it, to speed up (compare page 163). The governor has 
two balls held by springs and these rotate witit the. shaft. As the 
shaft speeds up, centrifugal force throws them outward. This has 
the effect of closing the valve admitting steam to the cylinders, 
thus slowing the shaft. If the shaft slows down, the opposite 
effect occurs. A governor of a similar type is used to regulate 
die speed of gramophone motors; one of these is shown in 
Fig. 416. 

The turbine is very efficient for large units and high speeds. 
What we worked out about effidency is true for it also. The 
steam must enter it at very high temperatures and pressures and 
expand to the lowest temperatures and pressures if the heat 
«”.pplied to the boiler is to do the greatest possible amount of 
wor^f 

A steam turbine (Fig. 146) has a long rotating portion (rotor) 
which is set with small blades set diagonally to the direction of 
rotation rather like the blades of a propeller, only far more 
numerous. This rotor turns in a casing (stator) also set with 
blades more or less at right angles to those on the rotor. Fig. 147 
shows the blades as they would be seen if the casing were trans- 
parent. The steam enters at the narrow end of the turbine. The 
first set of blades on the casing turn it so that the steam hits the 
moving blades and thrusts them on: as the steam leaves them it 
gives them a sort of backward kick like the recoil of a gun when 
fired. This has the chief effect in moving the rotor. The next 
set of fixed blades catch the steam and again direct it on to the 
next set of moving blades. This continues all the way as the 
steam progresses (to the right) along the space between the 
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DIRECTION OP STEAM 

• 1111 

Fig. 147. — Amngement of blades ii 
Parsons* Turbine. 


casing and totot. The stoua is 
encoutaged to expand by making 
the totor -wider as the steam goes 
further. Finally, the steam 
emerges and passes to the con* 
denser (not shown in figure). 
One of the most difficult pro- 
blems in designing the turbines 
is to prevent steam from leaking 
along the shaft. Packing such as 
used in the pumps on p. zoi or 
the cylinder of Fig. 144, would 
not do, for turbines move so 


fast that tremendous friction would develop. The principle 
finally adopted is to raise the surface of the ends of the rotor 
shaft and of the casing into sharp ridges whidi fit into each 
other (BB). Steam does leak across these, but the path for it is 
so long and crooked that very little gets away. The steam 
pressure obviously thrusts the whole rotor to the right, so the 
bearings have to take a large thrust. The large wide bearings 
(on the right) are particularly well able to resist tMs 


force. 


The reciprocating (cylinder-and-piston) engine and the turbine 
each has its place. The first is suitable for small units and 
works well both at low and at fairly high speeds and is exceedingly 
reliable and robust. It is used in most small sliip’s engines, in 


locomotives and in innumerable factories. The turbine is more 


efficient. The finest modern plants will turn just over thirty 
pet cent, of the heat energy of the fuel into power, while the best 
reciprocating engine gives but little over twenty per cent. It is 
ided for driving high-speed mechanisms such as electric motors: 
it is particularly vduable in large units such as are needed in 
generating plant. In recent years it has gained much ground 
because gearing has been developed that can slow its rotation 
down to any extent required. The efficiency the turbine in 
turning heat into work is surpassed by that of internal combustion 
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engines; but since in most countries coal is a much cheaper fuel 
than oil or gas, the steam turbine holds its own. 

INTERNAL COMBUSTION ENGINES 


The simplest internal combustion engine to discuss is the petrol 
engine, because almost every reader has access to one; Fig. 148 
shows the essential portion of it — ^the cylinder, piston, valves, 
ignition and crankshaft. The principle of every internal com- 
bustion engine is that a charge of air and something that will 



Fig. 148. — The Otto cycle in a petrol engine. 
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burn is set burning in the cylinder. The heat generated expands 
the ait and burnt gases and these thrust down the piston. The 
internal combustion engine is very elEcient because the energy 
of the burning gas at ^e beginning of the stroke is so much 
higher than that of the exhaust gases. Moreover, all the energy 
is generated in dte cylinder and there are no such losses as occur 
in the steam engine when the heat has to be transferred from fur- 
nace to boiler. In Fig. 148 (I) the piston is being dragged down 
by the crankshaft (Q pulling on the connecting rod (R). The 
cam (p. 188) has lifted the inlet valve (1) and the cylinder fills 
wiA the “charge” of air and petrol vapour produced in the 
carburettor. By the time the piston reaches the bottom of its 
stroke, the cam has moved on and the inlet valve closes. The shaft 
now carries the piston to the top of its stroke (Fig. 148, II) and 
so compresses the petrol vapottr and air to, say, a sixth of its 
bulk. The contact-breaker (geared to the shaft) now causes a 
spark to pass between the points of the sparking-plug. The charge 
explodes and drives the piston down (Fig. 148, III) — on this 
stroke only is there any work done by the engine. As the piston 
rises again (Fig. 148, IV) the left-hwd cam opens the exhaust 
valve and the burnt gases ate expelled through the exhaust pipe. 
This, the Otto, or 4-stroke cycle, is used in nearly all petrol 
engines, gas engines and Diesel engines. The difference between 

these several types is chiefly in 
the fuel they bum and the way 
they ignite it. 

Since the engine drives the 
shaft only on one stroke out of 
four, the obvious thing is to 
have four cylinders (Fig. 149) 
wldi the sparks and valves so 
timed that one is always at the 
driving stroke while ^e other 
three are respectively taking in 
charge, compressing it and ec- 
hausting burnt gases. 
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any have fewer than four cylinders — six or eight give a still 
smoother drive. 

The part described is the essential part of the petrol engine. 
To it must be added, first, gearing from the crankshaft to the 
small shafts which turn the cams and to foe mechanism which 
makes foe contact which deEvers foe current to foe sparking 
plug; secondly, an efficient oiling system, for the internal comr 
bustion engine becomes very hot and so easily bums up and 
destroys its oil; thirdly, a cooling system by which water circu- 
lates round foe walls of foe cylinders; fourthly, some arrangement 



for regulating foe proportion of air and combustible gas in the 
charge. The last process is performed by foe carburettor. There 
are many varieties. Fig. 150 illustrates a simple pattern. 

The petrol from foe tank enters foe fioat-diamber F in which, 
by means of a needle-valve opened and shut by a float, a constant 
level of petrol is kept. There are two jets, a main jet M at sudi a 
level that petrol just does not overflow from it, and a com- 
pensating jet C fed by a fine orifice R which will only supply fuel 
at a constant and slow rate. The suction of the en^e lowers foe 
pressure in foe carburetter and consequently petrol is drawn from 
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both jets and evaporates m the in>rushing air. At low speeds both 
jets give their full supply and a dch nuxture results: at Idgh speeds 
the more vigorous suction draws a greater supply from M but 
cannot draw any greater supply from C, and so the propordon of 
petrol to air is ^minished. The slow-running by-pass provides a 
rich mixture when the engine suction is too feeble to widulraw a 
sufficient supply from jets C and M. 

The petrol engine is very efficient: it will turn some 2 j % of the 
energy of its petrol into work. But petrol is expensive friel. Only 
about one-third of crude oil or 27% of coal can be turned into 
petrol. If an internal combustion engine could burn coal or the 
part of crude oil which cannot be turned into petrol, it would be 
most valuable. This has been partly achieved. We can gasify our 
coal and burn the gas in an internal combustion engine, or we can 
bum fuel oil (p. 233 ^.) in a Diesel engine. The usual type of gas 
engine works on the same principle as the petrol engine, but employs 
very large cylinders and pistons, as single cylinder units generate 
up to 200 h.p. or more. The cylinders may have a bore and stroke 
offourfeetascomparedwithasmanyinchesinapetrolengine. They 
may bum a mixture of coal-gas and air, but more usually burn pro- 
ducer gas (p. 254), or water-gas (p. 255), or the gas from blast- 
furnaces (p. 687). Gas engines have shown an efficiency of 29-30%, 
i.e. they turn this percentage of the heat of the fuel into power. 

The engine which has made and is making the greatest advances 
is the Diesel. The Diesel engine has the vast advantage of brirning 
heavy oil and thereby using the part of crude oil which the petrol 
engine cannot employ: its efficiency is very great and it requires 
no unreliable electiicd apparatus for ignition. Fig. 151 shows the 
essential part of a Diesel engine. The engine generally resembles 
the petrol engine, but there is no carburettor. In place of the 
sparking plug is a jet through which a pump can force a fine spray 
of oil. In Fig. 1 5 1 (i) the piston is descending and the inlet valve 
has been opened by a cam mechanism. P$tre air onlj is drawn into 
the cylinder. In Fig. 1 5 1 (2) the inlet valve closes: the piston now 
rises and compresses the air far more highly than the fuel is com- 
pressed in the petrol engine: thus, it may be compressed 25 times 



Fig. 151. — ^The Diesel engine. Cycle of operation. 


instead of 5 times. This makes the air very hot. When die piston 
is at the top of its stroke (Fig. 1 5 1, 3) a fine spray of oil is injected 
into the cylinder from a small pump worked by the engine. Tliis 
instandy bums in the hot compressed air and forces the piston 
down. This is the working stroke. The piston now rises, the 
exhaust valve is opened and the hot gases are driven out (4). The 
reason why the Diesel engine has not displaced the petrol engine 
is its weight. The very high pressures require very strong and 
heavy parts. None the less, it is now being rapidly developed. 
Many of the London buses are run by Diesel engines and even 
aeroplane engines of this type have been built; whether they will be 
extensively employed for the private car seems less certain. 
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Fig. 152. — Section of marine Diesel Engine. 
(Courtesy of Messrs. W. H. Allen, Sons and Co., 
Ltd., Bedford.) 


Since the Diesel only 
works on one stroke, 
several cylinders usu- 
ally drive a single 
shaft. Fig. 152 shows 
a marine Diesel engine 
adapted for driving a 
sm^ motor-coaster. 
On the left hand side 
is a variable gear to 
reduce the speed to 
that most suitable for 
the propeller. Two 
gear wheels on the 
naain-shaft mesh with 


two gear wheel cogs on the propeller shaft; thus giving two 
different gear-ratios. These gear wheels turn idly on central plates 
which ate part of the shaft, until oil is pumped in between either set 
of these plates, which then grip the gear wheels and take up the 
drive. In the figure, the left-hand one (high gear) is driven and 
the right-hand one is idle. 


Plate XII shows a section of an engine suitable for driving a 
lorry or a bus. It differs slightly from i^e other in that the charge 
is compressed into a bulb where it is fired. The section only allows 


one valve (the exhaust) to be seen; note the cam and push-rod on 


the left. These engines ate made in units of 130 h.p. and are 
suitable for bus or lorry work. 

The Diesel engine is perhq>s the middle-po«rered engine of the 
future. It may not surpass the steam turbine for very large 
installations not the petrol engine for the low-powered units — 
but for units designed to provide 100-1000 or more h.p. it seems 


to have advantages over every other form. 

The other really important source of power is the electric motor. 
There is no practicable large-scale method of making electricity 
except by the dynamo, and the dynamo must be turned by engines 
driven by water, oU, coal or their products. But electricity gives 
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the supreme method of distributing power, so that about the most 
important use of the steam turbine or water turbine is to make 
electricity by which the whole power supply of a town can be sent 
along a wire thiimer than your little finger. 

It is essential then to understand something about electricity 
and to take a long digression while we discover something about 
what it is and how it behaves. 



CHAPTER X 


Electric Currents 

WHAT IS ELECTRICmr? 

T he statement is often made that nobody knows what 
electricity is. Well, no one knows what anything isl Of 
matter, we know that it is made of atoms, which are collections 
of minute particles — electrons, protons and neutrons — bound in 
certain patterns. As we have already stated, the atom has a small 
central nucleus containing the heavier positive protons and 
neutrons^: its outer portion consists of electrons. !^ttet, then, 
consists of electrons, protons and neutrons bound into atoms. 
Electricity, we know, consists of electrons — and sometimes 
^totons—fne to move. What an electron or proton is, we do not 
know. After all, the only way we can explain what a thing is, 
is to say: ‘*It is made of so-and-so, has such-and-such a shape and 
is moving in a particular way.” The questioner can always ask 
what “so-and-so” is, and will finally get back to a question that 
cannot be answered. Science does not aim at an ultimate and 
complete explanation of anything, but knows it must be content 
to explain everything in terms of one or a very few entities such 
as “energy,” “space,” “time,” etc. We know a few things about 
electrons: we can tell roughly what size they are, what they 
weigh, how strongly they attract each other, but we cannot tell 
what an electron is made of. 

The likeliest view is that an electron is a portion of energy: 
we cannot really picture this, but anything we eon picture about 
the electron seems to be untrue. Think of it then, for the present, 
•Seepages 528/. 
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as a tiny particle of energy, as much smaller than an atom as a 
grain of salt is smaller than a house. 

The electricity which moves along wires and snaps through 
air as sparks is simply a crowd of these electrons. These electrons, 
we say, have a negative charge', simply a short way of saying 
they have the power of repelling each other and of attracting 
another kind of particle (the proton), which is said to have a 
positive charge. The words negative and positive are quite 
misleading and when we apply them to electricity it is as well to 
forget all other ideas we attach to these words in common life. 
The positive particles — except in most exceptional circumstances 
— remain a part of an atom of matter in the central nuclei of the 
atoms. As it is very difficult to remove all the (negative) electrons 
from any atom (except that of hydrogen), it is very ffifficult to 
get positive particles — ^protons — ^by themselves. 

The negative charge of an electron is equal to the positive 
charge of a proton and an atom of matter has just as many 
negative electrons as positive protons; consequently an atom, 
taken as a whole, has no charge at all. If an atom picks up and 
holds some more electrons it becomes negatively charged: if it 
Im? a few of its electrons knocked 
oflF, it becomes positively charged, 
for it has then fewer negative elec- 
trons than positive ones. These 
charged atoms are called ions^ a 
term we shall have to use fairly 
often. Fig. 15} shows how an atom 
of copper could be ionised in this 
way. 

A piece of metal or anything that 
conducts electricity has in it some 
electrons which are only loosely 
bound to atoms or not bound to 
them at all. If ihe piece of metal is 
negatively charged, it has more 
electrons than its own atoms pro- 
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Fig. 153. — A copper atom (left) is 
electrically neutral, having 29 
positive charges and 29 negative 
charges. It can be broken up in 
various ways into two electrons, 
each with a single ne^tive 
charge, and a copper ion (nght). 
This is positively charged for it 
has 29 positive charges and only 
27 negative charges. 
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vide. If it is positively charged, it has fewer electrons than 
this. 

Electricity then, as ordinarily met with, is a crowd of electrons, 
minute particles capable of movement and repelling each other 
vigorously. From this notion it is easy to see what is meant by 
the quantity of electricity and the potential of electricity. The 
quantity of electricity is simply the number of free electrons — ^this 
is what we measure in “coulombs” or in ampere-hours. The 
potential of electricity (which we measure in volts) is its tendency 
to flow. The electrons repel each other; the nearer they are to 
each other the more powerfully they repel each other and the 
more force they will exert in Aeir effort to get away. So the 
quantity of electricity is the number of electrons; the potential of 
electricity measures the tendency of the electrons to get away 
from each other. 


THE MAKING OF ELECTRICITY 

If we want to get electricity — electrons — we have to get it 
from an atom, because almost all the electrons in the world are in 
atoms. There are several ways of doing this. The first is by 
friction, mechanically blocking a few electrons off by rubbing. 
This simple method gives very little electricity, i.e., very few 
electrons, but these may be very crowded into a very small space 
and so may be at a high potential (thousands or tens of thousands 
of volts), and exert quite large forces. 

The second is a chemical way: persuadmg atoms to send 
electrons along a wire to ions which need them more badly. This 
is the method of an electric battery. It is convenient but ex- 
pensive. It yields electricity at a low potential (1-3 volts). 

The third method is to set the free electrons in a metal wire 
moving to one end and away from the other by attracting them with 
a magnet. This is what is done in the dynamo. 

Dynamos may be designed to give electrons at almost any 
potential, but 30-3,000 volts is usual. 
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FRICTIONAL ELECTRICITT 


The frictional method of making ckctricity was the first to be 
discovered. It is no longer important, but it is very simple to 
handle e:q)etimentally, and so gives the beginner an easy way of 


finding out a few 
things about electri- 
city. Take a stick of 
sealing- wax (or a vul- 
canite pen), a bit of 
fine thread — ^best silk 
— and a little bit of dry 
cork the size of a pea. 
Stick the cork to the 
thread, best by a tiny 
dot of sealing-wax. 




and hang the thread 
to something (the 
edge of a lamp shade 
cr a shelf will do). 
Now rub the sealing- 
wax with a woollen 
material like a coat 
sleeve, bring it near 
the hanging piece of 
cork, but don’t touch 
it. Thecorkistf/ZrarW 
^ the wax. Now, the 
reason of this is that 



(<>) Normal atom in cork. (^) Same atom at- 
tracted by nega- 
tively charged 
wax. 

Why the sealing-wax attracts the cork. 

Fig. 154 — Electrical attraction. 


the rubbing knocked off a few of the outer electrons of 
the atoms of the wool and the wax, and, on account 


of some peculiarity of these which we don’t know much 
about, the loose electrons stuck to the wax rather than the 
wool. The sealing-wax, then, was left with a few extra 
negative electrons. These clustered on the outside of the wax. 



28o Tie World of Scimte 

When the wax came near the cork these electrons attracted the 
positive nuclei of the carbon, hydrogen and oxygen atoms in the 
cork, and repelled the negative electrons so that the atoms in the 
cork instead of being like Fig. 1544 became like Fig. 154^. The 
result was that the end of the cork nearest the wax became 
slightly positive and the other end sUghtly negative. The positive 
end of the atom is nearest to the negative wax and so is pulled to 
it more than the negative and more distant end is repell^. Now 
break off a little bit of sealing-wax and hang it up by a thread. 
Rub it briskly with a bit of dry woollen material: this will give it 
some extra negative electrons. Rub another stick of sealing-wax 
and bring it slowly near the hanging piece. It will be found that 
the two negatively charged pieces of wax repel each other. 

This very simple fact that like charges repel and unlike attract 
is the basis of almost the whole of electrical science. 

A simple use of this property is in detecting small electric 
charges. An instnunent designed to do this is c^ed an electro- 
scope. If two pieces of gold leaf (which is extremely thin and, 

therefore, extremely light) are hung 
from a metal rod in a glass case, a 
very small electric charge brought 
near the top of the rod makes the 
gold leaf diverge. 

The reason is simple. Suppose the 
charge brought near the top is posi- 
tive, It will pull the loose electrons 
in the metal to the top of the rod. 
The gold leaves at the bottom will 
be l^t with fewer negative diarges 
than positive ones, and so they will 
both have a positive charge and 
repel each o^er. A gold leaf 
electroscope is not very easy to 
make because the gold leaf is very 
tender and sticks to everything it 
touches. 



Fto, 155 . — Gold-leaf electroscope 
(Coiutesy of Messrs. Griffin 
and Tatlock). 
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Fig. 156. — The clcctfophorus. A simple way of making 
electricity at a high potential. 


A simple gadget 
which gives elec- 
tricity at a high po- 
tential, and which 
anyone can make is 
an electrophorus 
(Fig. 156). It gives 
enough electricity 
for a slight spark 
and if it is used to 
charge a condenser 
quite respectable 
quantities can be 
obtained. Get a tin 


lid, best about six inches in diameter and melt some resin (sulphur 
or shellac does very well) and pour it in and let it set. Scrape the 
top flat with a knife or chisel, cot a disc of tin about half an inch 
smaller in diameter and stick on it a handle which won’t conduct 


electricity — a wax candle makes a good one. Rub the resin 
vigorously — ^best with a catskin or a warm dry flannel. This gives 
j<- <» negative charge. Now put the tin cover on it [d). This repels 
the loose electrons in the cover to the top of the tin, leaves the 
bottom free of loose electrons, and therefore the bottom, having 
more positive protons than negative electrons, is positively 
charged. If you took the cover off now, you would get no 
electricity, for, once out of the reach of the attraction of the resin, 
the electrons would just go back where they were before. 

But now suppose you touch the top of the tin plate with your 
finger (^»). The electrons in the metal, still repelled by the electrons 
of the resin, go chasing through your body down into the earth. 
Now remove your finger. The top plate has now fewer electrons 
than at the beginning, for some have gone into your finger. Lift 
it off by the non-conducting handle (<•). It has a strong positive 
charge and you can do some amusing experiments with it. First, 
you can see it spark. It will give a quite perceptible spark with a 
fiunt prick and a tiny crackle when you hold your knuckle close to 



282 Tie World of Science 

it. What has happened is, that the electrons from the earth have 
been attracted by the positive charge so strongly that they have 
jumped from your finger to the electrophorus. 

One of the most interesting things you can do with the 
electrophorus is to charge a condenser and so get a larger supply 
of electricity. The electrophorus gives a very small quantity of 
electricity at a very high potential — ^diat is to say, a comparatively 
small number of electrons, repelling each other very strongly 
and, therefore, trying very hard to get away. To collect an 


adequate charge of electricity. 



tARTH 

Fig. 157. — ^Leyden Jat. {a) Charging 



Deformed atoms Deformed 

in glass. atom spring- 

ing back to 
notmaL 

h) Wall of Charged Jar (i) Discharg- 
ing the Jar. 


we can use a condenser, the 
simplest form of which is 
a Leyden jar. A Leyden jar 
is a glass vessel like a jam- 
jar coated internally and ex- 
ternally to § of its depth with 
tin foil. There is some metal 
connection to the inside tin 
foil. The outer foil is con- 
nected to the earth so that 
any charge on it will leak 
away. To charge the jar, the 
inner coating is connected to 
the source of electricity, which 
must be at a high potential: 
frictional electricity or that 
from an induction coil is suit- 
able — a battery is useless. 
Electrons flow in and give 
the inner coating a negative 
charge. They repel some of 
the negative electrons in the 
outer foil to the outside of it. 
(Fig. IJ7, a). These are re- 
pelled down the wire to the 
earth, where there is always 
plenty of room for electrons. 
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At the same time, the atoms both of the outer foil and die glass 
between are deformed (Fig. 157^), their positivenuclei being pulled 
towards the inner coating and their negative outsides being pushed 
away from the inner coating. This goes on until the force pulling 
the deformed atoms back into shape just balances the repulsion 
of the negative electrons and attraction of the positive protons. 

The final result is a crowd of negative electrons on the inside 
of the jar and a crowd of spare positive charges (atoms from which 
some electrons have been driven off to the earth) on the outside. 
The glass in between has every atom strained out of shape like a 
bent spring, storing up in this way a great deal of energy. Now 
bring a wire from the outer coating near to the inner onel The 
negative electrons are attracted by the positive. They leap the 
gap as a spark, and in doing so, heat the air and rattle its atoms 
till their electrons jump to bigger orbits (pp. 434-436) and so give 
out light. The atoms in the glass, springing back to their normal 
shape, repel the electrons out of the inner foil and so help the 
vigorous discharge. A Leyden jar is a simple condenser: the 
condensers used in magnetos, wireless sets, etc., all have conduct- 
ing plates, corresponding to the inner and outer coating of the 
j'>r, and a non-conducting material, air or wax, between them, 
corresponding to the jar itself. If you have a Leyden jar, you 
can charge it with the electrophorus by repeatedly charging the 
cover and letting it touch the knob of the jar. 

The Leyden jar illustrates what the electrophorus will not — 
the electric shock. The electric shock is stiU not entirely under- 
stood. If you let a small Leyden jar — a big one might be dangerous 
— discharge itself through your body, you feel a sharp twitch 
or contraction of the muscles through which the electricity 
passes. If an electric current passes through the eye, a flash 
is seen: if through the tongue, a peculiar taste is noticed. 
It would be dangerous, however, to employ the Leyden jar 
for these sensitive organs. Electricity has the effect of stimu- 
lating nerves of the body to transmit their messages. The 
motor nerves, when stimulated, make the muscles contract, the 
sensory nerves give a sensation of pricking, tingling or pain. 
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the nerves of taste produce a taste sensation, the nerves of the eye 
give a sensation of light. The reason why electricity stimulates 
nerves is not clearly understood, but some light is thrown on it 
by our discussion of die acdon of nerves on p. 887. It seems that 
the electric charges displace the charged atoms in the *‘palisade- 
layer” of the nerve fibre and so set an impulse going. 

The {act that electricity stimulates nerves is at once useful and 
dangerous. The muscles of paralysed limbs, which the patient 
cannot move by will, can often be stimulated by electricity to 
contract. This exercises the muscles and in many cases brings 
back function to the nerves which supply them. 

A great deal of rubbish is talked about medical electricity. 
Some of the belts containing electric batteries which are said to 
perform marvels by strengthening and increasing “nervous 
energy” would probably be quite as effective without the battery 
— as long as the patient believed it to be present. 

The electric shock is real enough. That peculiar creature, 
the electric eel, and a dozen or so other fish found this out a few 
million years ago, and evolved a most remarkable electrical 
generating set which gives a shock which will kill a small animal 
and stun a large one. No one can explain how their curious 
electric organs work: they are modified muscles and all muscles 
probably work electrically. A violent electric shock will kill a 
man: the most familiar example is death by lightning stroke. Huge 
potentials as from a lightning Hash or a power line may burn and 
disrupt the body, but it is not clear why smaller potentials can kill, 
often leaving no trace. Electricity clearly affects the nerves, with- 
out which very few of the functions of the body can continue. 
Victims usually die at once or recover entirely. Sometimes 
artificial respiration is xiseful, and it should be always tried. 

The ordinary house-supply currents at 200 — 230 volts rarely 
cause fatal accidents because the resistance of the body to the 
passage of electricity is great, and so very little passes through it. 
If, however, the body is well “earthed” these voltages may kill, 
llie most dangerous case is when a man sitting in a bath touches 
a defective switch. The water and pipes make a perfect connection 
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to earth, and death almost always occurs. Never fix electrical 
apparatus within reach of the bathl 
Before leaving the subject of frictional electricity, we may 
remark that though it has not many uses, it most definitely has its 
dangers. Petrol is a non-conductor and so is silk. When a silk 
frock is cleaned by rubbing it in petrol, enough electricity nuy be 
generated to give a spark and cause a fatal fire — anodier reason to 
use the non-infiammable solvents, like carbon tetrachloride, for 
cleaning. Even violent stirring of some of these non-conducting 
liquids may liberate enough electricity for a spark to be formed. 


DISCHARGES AND SPARKS 


The way in which electricity passes through gases is extremely 
interesting, and by studying it Crookes in 1879 was led to the 
most important ph3rsical discovery of the last century— that of the 
electron itself. 

Ordinary air can hardly be said to conduct electricity at all: 
almost, if not quite, all the electricity that passes through it is 
carried by ions, atoms of gas which have lost a negative electron 
and are ready to pick it up again. There are always a very few of 
these in the air, and as we shall see, strong electrical potentials 


have the power 
of making more. 
I.£t us see first 
how these ions 
can carry a 
charge away. 
Suppose we 


NegnU vely 
knob croi 


^Pos/t/ye ion hckin^ an 
electron 
u 

9tom formed from 
e/ectroff and ion 


Fig. 158, — How a charge leaks away. 


have a nega- 
tively charged knob (say, connected to a Leyden jar). This is crowded 
with electrons all repelling each other. Any positive ions in the gas 
will be attracted to the negative pole and take an electron from 
it and so change back to an ordinary atom. Thus, the charge will 
slowly diminish. The number of ions in ait is very small, and so a 
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charge leaks away only slowly unless it is high enough to make 
ions for itself. Suppose now we have a direct current dynamo 
pumping electrons into a wire connected to one of its terminals 
(the negative one) and out of the wire connected to its other 
terminal, and suppose the force it applies to the electrons is what 
we call a few hundred volts. Let us connect to the negative wire a 
point, and to the positive wire a plate. If we increase the voltage 
by running the dynamo faster and &ster, we find that at first no 
current passes, then a small current accompanied by a peculiar light 
effect which we call a brush discharge ^late XIV), and finally, 
when the voltage is high enough, the current leaps the gap as a 
spark. 



OJ/^os/i/Ve ion rushes to (2) it hits an atom of ff as 

neyatiirc pomt and hreaics it into another 

positive ion and a pair of 
e/ectrons 



OJThe ions a/reacfy formed 
taAre e/ectrons from the 


neyative point and hecome 
atoms. The e/ectrons repe/- 
/ed away from the point hit 
a pair ofyas atoms 



(4) and drea/c these into ions 
and e/ectrons fhe distarh- 
ance of the atoms by the 
co/hsion makes them 
yJow 


Fig 1)9. — brush discharge. 
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There ate always a few positive ions in the air — atoms from 
which an electron or two have been detached. These are drawn 
to the negative point with a high velocity (Fig. 1 59) (i) and break 
up other atoms as they near it (2), These atoms break into one or 
two electrons and a positive remainder. The positive remainders 
travel to the point and take from it electrons, so becoming atoms 
once more (3). The electrons, detached from the atoms in the 
collision are repelled from the point with high velocities (5) and 
finally reach a speed at which they can break up more molecules 
(4) into electrons and positive remainders. These glow, for 
reasons which will appear later (p.43 ^ff.) and travel to the negative 
point; the liberated electrons are thus attracted to the positive 
plate and return to the dynamo. The current passes slowly with 
the accompaniment of a bright spark-like light at the point — 
where the atoms are being broken into ions and electrons (Fig. 159) 
(2), then a dark space where the electrons and ions are being 
speeded up by the attraction or repulsion of the charge on the 
point, then a blue luminous area where the electrons, having 
reached a high speed, break up fresh atoms to electrons and 
positive ions (4), giving out light in the process. Beyond this again 
is a dark space through which the electrons journey to the plate. 
These areas are visible in the vacuum discharges (Plate XIII). 

An electric charge always concentrates itself at a sharp point, so 
it is from a point that a brush discharge is likely to take place. 
Plate XIV shows an electric spark at a potential of a million volts. 
Every roughness on the ball gives out a “brush discharge”; the 
very high potential makes the electrons travel far and so gives a 
large “brush” of light, caused by the electrons in the atoms, 
disturbed by the flying electrons, jumping back to their ordinary 
positions. 

These “brush discharges” are a real difficulty with high tension 
electricity. If one wants to transfer enough electricity to do a 
certain amount of work from one place to another, one can move 
a lot of electrons at a low potential, or a few at a high potential: 
just as you can do the same work by a gentle blow with a big 
hammer or a powerful blow with a little one. The large quantities 
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of low-potential electrons need a big cable if they are to pass 
freely and easily: the few high-potential ones need only a small 
cable: consequently, it is economical to send electricity at high 
potential. At very high potentials, trouble begins with brush 
discharges: everything must be rounded and smooth to avoid 
them. For very high voltages, near a million, tubes are used 
rather than wires, because the wires diemselves are sharply 
curved enough to cause a brush discharge. Moreover, alternating 
current flows only on the outside "skin” of the wire and tubes 
are therefore more economical. 

The lightning conductor is pointed so that the electric charge 
of the cloud may more easily flow to it. That rare and eerie 
phenomenon, St. Elmo’s fire, is a brush discharge from a cloud on 
to the mast of a ship. It is seen as a pale streamer of light topping 
the mast, and was naturally regarded with awe and horror — 
particularly as it occurred only in stormy weather. 

When the voltage is high enough, or the distance between the 
positive and negative poles small enough, a spark or arc may pass. 
The spark and the arc both proceed by turning the atoms of a 
gas into charged ions, the flow of which carries the current. 

A brush discharge occurs easily only from a point: if we have 
two charged plates or large knobs (particularly if close together) 
a spark appears. Suppose we have two metal knobs, say half an 
inch apart and connected to some source of electricity — say, a 
dynamo. We increase the speed of the dynamo steadily and thus 
increase the voltage, i.e., the overcrowding of electrons on the 
negative knob and the depletion of electrons from the positive one. 
Almost nothing happens till a certain voltage is reached, when 
there is a flash, a crackling noise, and electricity passes. The 
greater the distance the knobs are apart, the higher the voltage 
required. Roughly speaking, a charge of z,50o volts will jump half 
a millimetre and thirty thousand volts will jump a centimetre. The 
152,000 volts carried by the main grid lines, would jump a gap of 
over two inches. Plate XIV shows the discharge at a potential 
of a million volts. 

The spark is a single discharge of electricity and lasts a very 
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short time indeed. A photograph of a flying bullet taken by the 
light of an electric spark ^late VI) appears absolutely sharp, 
showing that the spark lasts only about a millionth of a second. 

Thf^ spark discharge seems to start like a brush discharge by a 
few positive ions from the air travelling to the negatively 
charged pole: these probably help to attract from the metal a few 
of the electrons of the current. These, once expelled from the 
metal, are repelled by their fellows and attracted by the positive 
pole, and move with such vigour that they each break up not one 
but many air ai 'nis, giving ^many more electrons. These are 
violently accclerr d by the attraction and repulsion of the poles 
and break up more atoms still. The whole effect then is a violent 
breaking up of "oms and shooting of negative electrons to the 
positive pole. The positive charge is thus made smaller, and the 
electrons are no longer pulled by it enough to make them break 
up the air atoms. So the spark stops. And all this happens in a 
millionth of a secondr Yes, an electron moves so rapidly that a 
thousand electrons in succession could make the journey across the 
spark gap during the niillionth of a second it lasts. The positive 
ions, the remainders of the air atoms from which the electrons 
were taken, arc slow n. overs and are practically left standing during 
the flash. 

The very large spark shown in Plate XIV pales before the 
tremendous sparks pr'dutcd by moving air and water in a 
thunderstorm. 

The tremendous sparks of lightning witness the huge potentials 
reached in the clouds; though in fact, the quantity of electricity — 
the number of electrons —in a lightning flash is a good deal less 
than is supplied by a small flash-battery in half a minute. 

The earth has a negative charge — it contains some free electrons. 
The air conducts electricity very feebly. Actually, it is rather a 
pu2zle why this conduction, though feeble, does not quickly 
carry off the whole charge from the earth; and for this and other 
reasons it is believed that the earth is generating electricity in its 
interior. It is not this rather small amount of electricity conducted 
from the earth to the air that causes thunderstorms. We know 
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very little about the way electricity is generated in a storm cloud, 
but it is generally believed that the electricity results from a 
combination of a rapid upward wind, with falling rain. G. C. 
Simpson’s theory is based on the fact that a drop of water falling 

through an upward wind breaks up into 
smaller drops: the water becomes posi- 
tively charged and the surrounding ait 
negatively charged. This much is proved 
by experiments. He goes on to suppose 
that in a thunderstorm an upward wind 
first converges and then diverges, as in 
Fig. i 6 o, so that at the centre there is a 
more rapid wind than at B or C. The 
drops fall from the high cold region B. 
They grow as they fall because they are 
cold and water vapour condenses on Aem, 
but as they grow, they break and break in 
the rising current until near the centre 
they become small enough to be carried 
up again by the wind. They carry up 
the positive charge they have gained 
from the breaking. They then grow again and start to fall 
and break up once more, every break increasing their posi- 
tive charge. Finally, the positive charge becomes so great 
that the cloud’s attraction for negative electrons is such that these 
burst from another part of the cloud or from the earth as a flash 
of lightning, and restore the negative electrons the positive water 
drops have lost. In their course they ionise the atoms of air and so 
produce more electrons and the flash proceeds just as does an 
electric spark. It travels along a route which is probably deter- 
mined by the attraction of the cloud and the tracts of air which 
are most easily ionised. As Plate XIV shows, the track of lightning 
is usually very crooked. 

A lightning flash may often have a voltage of 200,000,000. A 
voltage of 2,000,000 has been obtained on earth. Plate XIV shows 
a photo of a million-volt arc. The amount of electricity in a 



Fig. 160. — ^Illustrating a 
possible way in which 
the charge on a thunder 
cloud may be built up. 
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lightning flash is often only 20 coulombs, the amount of electricity 
burnt by a 6o-watt lamp on a 210 volt circuit in a minute. 

The effects of lightning are rather an anti-climax to its 
formidable appearance. A lightning flash will of course kill a 
man — ^but several have survived: it will split and scorch buildings 
and trees in a curious manner, and it sometimes melts the surface 
of rocks to a glassy film. 

Lightning conductors are fitted to most buildings. They are 
simply a metal point connected by a stout copper band to the 
earth. If the air is highly electrified, a brush discharge carries 
away much of tlie electricity through the point safely to the 
earth. If the building is struck by lightning, the copper band may 
carry a small discharge to earth and so save the building. 

ARCS AND ARC-WELDING 


The arc is formed when a fairly large current at quite a low 
potential {e. 50 volts) passes between two poles of some material 
which can vaporise. If two carbon poles attached to the lighting 
circuit are touched and separated (a resistance should be inserted 
10 prevent the fuses blowing), a spark first passes and produces 
ionised carbon vapour. The current flowing through this heats 
it just as it heats any conductor, and the heat vaporises more 
carbon. The light of the white-hot vapour ionises the vapour 
itself so that the gap of an arc is always filled with white-hot 


ionised carbon vapour, 
exceedingly brilliant. 
The arc lamp is discussed 
with other sources of 
light (p. 449). An arc 
can be struck between 
metal poles and, unless 
they are very well 
cooled, they are soon 
melted. The iron arc is 
greatly used as a means 


The arc is at once exceedingly hot and 



Fig. 16 1. — The principle of arc welding. The 
arc is struck between an iron rod held in the 
hand and the seam to be welded. The metal is 


melted and on soUdlfying gives an extremely 
strong loint. (See also Pkte XIV.) 
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of welding iron and steel. Suppose two pieces of iron 
are to be joined: they are clamped together and connected 
to the negative pole of a dynamo designed to give very big 
currents of 200 amps or more with a low voltage of 25-50, 
which, by the way, does not give any appreciable shock. The 
positive cable from the dynamo goes to an electrode consisting 
of a thin iron bar. The operator has his eyes and face protected 
by a mask with a deep-blue glass window and his hands are 
protected by gloves, for the iron arc gives out showers of sparks 
and a blin^ng light full of ultra-violet rays which are most 
injurious to the sight. He touches the work with his electrode 
and then moves it inch or | inch away. An arc forms and 
the metal of the work and the electrode fuse together to a pool of 
molten metal, securely uniting the two pieces of iron. 

Arc-welding is very easy to apply, and it is even replacing 
riveting: the iron frames of new buildings are now often silently 
welded into a single structure instead of being weakened by rivet 
holes and then noisily hammered together with rivets. 

The arc furnace gives enormous 
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Fig. 162. — An arc furnace for 
melting steel. 


temperatures, but also has the advantage 
that no current of air or other gas need 
be introduced. Air is bad for molten 
metals, usually tending to make their 
castings brittle. Fig. 162 shows a diagram 
of an arc furnace for making steel. The 
arc jumps from the graphite pole to the 
steel and back to the other graphite pole. 


VACUUM DISCHARGES 


Most interesting effects are got by causing an electric dis- 
charge to pass through gas at low pressure. If most of the gas 
is pumped out of a vessel, an ion or an electron will be able to go 
much further without being stopped by collision with atoms, and 
finally, if the pressure is made low enough, an electron may go 
ten or twenty centimetres unhindered. 
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If the ait is gradually pumped out of a tube futnished with two 
plate-electrodes kept at a potential diSerence of several thousand 
volts, a luminous discharge appears when the pressure nears 
T^^jjgth of an atmosphere (Plate XIII). 

Just the same sort of thing is happening as in the brush dis- 
charge, but since there is less air, and collisions are now much 
fewer, the whole phenomenon is more spread out. At B, positive 
ions are being dragged to the metal and are ionising the atoms of 
gas to more negative electrons and positive ions. These positive 
ions take up the electrons from the plate. The ionisation makes 
the gas glow B. The electrons repelled by the plate speed up; they 
finally reach a pace when they can split up atoms into positive ions 
and electrons, causing a band of glowing gas. This is the positive 
column (P) — a long stretch of ionised glowing gas. The positive 
ions travel back, the negative ions go on and supply the deficiency 
at the positive plate. The positive column is best seen in Plate 
Xlll (z): it is this band of glowing gas which gives the light in 
the Neon tube. 

This is only a general notion of what is found when electrical 
discharges traverse a moderately exhausted tube. By slightly 
aliering conditions, peculiar bands of light, etc., may be produced. 

Gases, too, glow with very different lights. The Neon tubes 
enormously used for advertising signs are examples of discharge 
tubes, and are discussed in Chapter XV. 

Suppose we continue to exhaust our discharge tube (Plate XIII, 
3 — 6). The luminous clouds shrink back from the centre of the 
tube, and the dark space (D) increases until, when the pressure in 
the tube is only a millionth of an atmosphere, the luminous 
appearances in the gas have entirely ceased, though electricity is 
still being conducted. The walls of the tube glow with a greenish 
light. Invisible “rays” are passing through the tube, and these 
rays are a hail of electrons travelling from negative pole to 
positive with huge speed. 

THE ELECTRON 

We have assumed the electron to exist up to now: here we can 
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prove it to be a material particle of electricity: we can measure its 
speed, mass and charge. The illustrations of the two experiments 
shown in Fig. 163 explain how we know some of these facts. 
In the first place, these “rays” must proceed in straight lines, 
because they will cast a shadow. If they barged their way 
from atom to atom as an ion does, they would find their way 
round an obstruction just as a moving crowd surges round a 
pillar box. They behave, instead, like bullets fired from a machine- 
gun: an obstruction provides “cover” from them. 



Fig« 163. — (left) Stxeams of electrons casting a sharp shadow, (right) Stteams of 
electrons deflected by magnet pole. They are made visible by their effect on a 
fluorescent screen (p. 515). 


That the rays consist of or carry charges of electricity is also 
clear, because if we intercept them on a metal plate, it becomes 
charged. Additional proof is given by the fact that they are 
repelled by a negative charge and deflected by a magnet just in 
the same direction as is an electric current (Fig. 163). That tlie 
cathode rays are material particles is shown by tlieir having a 
measurable weight, as e^^lained below. 

These experiments show that the rays move in straight lines 
and that they carry negative electric charges. They might be ions 
— atoms carrying electric charges — had not their weight been 
measured and been found to be far less than that, of any 
atom. 

To weigh these particles is more difficult. Obviously, no sort 
of balance is any good, and the only method that can be used, is 
to see how much they are turned aside by a given electric 
field, 

Gearly, a carmon ball going at 1,000 miles an hour is harder 
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to tom aside than a pea going at the same pace. The task of 
deducing theit weight from the deflection was not easy, for both 
their speed and the size of their charge influence the amount they 
are deflected, but the conclusion reached was that the particles 
in the cathode rays each weighed only of the weight of a 
hydrogen atom. Their charge was nearly 4.75 x io“^® electrostatic 
units, and their velocity depended on the voltage but was not far 
off ten million centimetres (sixty miles) a second. 

No matter what the material of the tube and plates were, nor 
what was the gas with which the discharge tulw had been 
originally filled, the particles obtained were of exactly the same 
weight and had the same electric charge. The conclusion was 
that these particles were electricity and that they formed a part of 
all matter, because, after all, electricity can be obtained from every 
element by varioiis means (such as making it part of a battery, 
rubbing it in a friction machine, etc.). It was a lohgish step to 
show that matter of all kinds was made up of nothing but these 
electrons and positive charges. 


BATTERIES 

Electric batteries afford a very compact and portable way of 
getting electricity at a low potential. They are not of any use for 
public electricity supply, because they all depend for their energy 
on turning a metal into a compound and metals, even iron, are 
comparatively expensive. The generating station depends on 
turning the much cheaper coal into carbon dioxide, and making 
the heat energy so obtained into mechanical energy, and turning 
this into electrical energy. Very roughly speaking, a flash-lamp 
battery bums zinc while a generating station bums coal. 

The essentials of an electric battery arc two diflerent metals 
(carbon may replace one of them) in a solution which can react 
chemically with one of them — ^that is to say, make its atoms join 
up with others and make a molecule. When these two metals ate 
joined by a wire, a current of electricity flows along it. 
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The metals arc chosen so that one is very easily affected by 
adds — zinc is suitable — and the other is not. 

While hundreds of batteries can be devised, there is only one 
that is at all often used nowadays: this is the Leclanchd cell. All 
dry batteries and the ordinary bell batteries are varieties of this. 


GLASS JAR.- 

ZINC ROD. 

POROUS POT. 

CARBON *Mn02. 

CARBON ROD. — 

SAL AMMONIAC. 
SOLUTION 




Fig, 164^. — The jat type of Leclanch^ cell, much used 
for bells. 

The simplest Leclanch^ cell is as depicted 
in Fig, 164//. There is a zinc tod, a solution 
of ammonium diloride (sal ammoniac) and a 
pot, made of porous earthenware which lets 
liquid and electricity pass, containing a 
carbon rod packed round with manganese 
dioxide. 

Now, the zinc is made up of zinc atoms: 
each has a nucleus, three complete groups 
of electrons and a pair of outer electrons 
which are rather easily lost. 


Fig. 164^. — The 
Lcclanche dry cell. 
The central rod B is 
the carbon rod: A 
is carbon and man- 
ganese dioxide sewn 
up in a bag C cor- 
responding to the 
porous pot. Next 
comes card-board D 
and the zinc case B 
which is both con- 
tainer and electrode. 
The whole is soaked 
in ammonium 
chloride solution 
and sealed with 
pitch. 


The ammonium chloride solution consists of water in which 


are floating ammonium ions and chloride ions. Ammonium 
ions are nitrogen atoms with four hydrogen atoms round them. 
These contain eighteen protons and seventeen electrons, and so 
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have a positive charge. The 
chloride ions are chlorine 
atoms with one extra electron, 
and so have a negative charge. 

.When the ainc and the car- 
bon are connected by a wire, 
the fun begins. The zinc atoms 
discard their two outer elec- 
trons and go off into the solu- 
tion as positive zinc ions. 

They cannot do this in the 
ordinary way because, if they 
did, the discarded electrons 
would pile up a big negative | 
electric charge on the zinc, 
pull the positive ions back, „ /• -«. l • * ^ u 

and turn them mto zmc atoms tj-rianrh* cell, 
again. But in the battery, the 

electrons do not stay to make an electric charge on the 
zinc. They go off down the wire, enter the carbon, and 
start attracting the positive ammonium ions. Each time one of 
these touches the carbon, an electron hitches up to it and turns it 
into a molecule of ordinary ammonia and an atom of hydrogen. 
The ammonia remains dissolved in the water of the solution. 
The hydrogen sticks to the carbon, and after a few minutes 
covers it up, and if the battery is working fest, it slows it down. 
This is where the manganese dioxide comes in. It has a lot of 
oxygen to spare, and this oxygen combines with the obstructive 
hydrogen and turns it into harmless water. 

The Leclanch^ cell then takes electrons out of zinc atoms: 
these go round a wire through lamps, bells or whatever you will 
to the carbon pole where they turn ammonium ions into am- 
monia and hydrogen — which is finally turned to water. Dry 
batteries work in exactly the same way. Instead of having a free 
liquid which can slop about they have their ammonium chloride 
solution soaked up in some porous material (Fig. 
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At least as important as “primary** cells, which is the name for 
cells like the Leclanch^ which makes electricity, ate storage 
batteries, which can torn electricity, passed through diem, into 
chemical energy and, when required, will turn die chemical energy 
back into electrical. The most important battery of this kind is the 
lead accumulator used for wireless work, batteries for cars, small 
electric lighting plants and so on. It gives a very steady current 
with a voltage of about 2.0 for each pair of plates. 



Fig. 166 — (A) Accumulator (B) aegaciye plate (Q positive place. (From material 
kindly supplied by The Chloride Electrical Storage Co.) 


The explanation of the accumulator is a litde hard for those 
who know no chemistry; but it is perhaps worth giving, an 
accoimt of its working which is not too difficult, though possibly 
not complete. 

The accumulator has two lead plates which may be of several 
patterns. In the cell illustrated (Exide) the plates are both of a 
hard alloy of lead with a litde antimony. The hard lead is un- 
aflected by the acid and serves only a support. The negative 
plate is in the form of a grid into the interstices of which is forced 
a paste of pure spongy lead. The positive plate is perforated with 
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holes into which are forced “rosettes” of pore corrugated lead 
which expose a large surfure. These plates stand in a mixture 
of sulphuric add and water. When the cell is fully charged (Fig. 
167) the positive plate becomes coated with a brown compound 
of lead and oxygen called lead perosdde, while the other plate 
is pure lead. The solution contains negative stdphate ions, 
each a sulphur atom joined to 
four oxygen atoms, and positive 
hydroxonium ions, each a single 
positive proton linked to a water 
molecule. If the plates are con- 
nected by a wire (Fig. 167) the 
lead atoms give up two electrons 
and turn into lead ions. These 
do not go off into the solution, 
but combine with a sulphate 
ion from the solution and settle 
down on the plate as white lead 
sulphate. This takes the heavy 
sulphate ions add out of the 
solution and is the reason why 
the add, during discharge, be- 
comes lighter, i.e. of less spedfic 
gravity. As explained below, 
during charge, the sulphate ions 
return to the water: thus a 
hydrometer shows an increase of specific gravity during charge. 

The electrons go off round the wire, and attract the positive 
hydroxonium ions to the plate. Here, there is a general re- 
arrangement. The electrons and the positive hydroxonium ions 
make water and hydrogen. The hydrogen takes the oxygen 
from the lead peroxide and leaves behind pure lead. 

This goes on until the accumulator has run down, at which 
point all the lead peroxide has changed to lead. So the dis- 
charged accumulator has plates coated with pure lead and lead 
sulphate respectively. Now you connect it to the electric supply 
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Fig. 167. — The chemistry of the lead 
accumulator. Above the charged 
cell is shown: below, the process of 
discharging. 
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to charge it up. The electrons of the current go to the lead ions 
in the lead sulphate plate and turn them back to lead. The 
sulphate ions float off into the solution. These and other sulphate 
ions, being negative, are attracted to the plate of pure lead and 
give up their electrons to it. These electrons ace forced back by 
the charging dynamo to the other plate. The sulphate ion 
deprived of its charge is a combination of a sulphur atom and 
four oxygen atoms. This cannot exist without two extra electrons, 
so it drags them from a water molecule, turning it into an oxygen 
atom and two hydrogen atoms witliout electrons. The oxygen 
atom turns the lead plate into lead peroxide: the hydrogen atoms 
without electrons pick up a molecule of water each and make 
hydroxonium ions. The accumulator is now charged again as it 
was before! 

The storing of electricity is a great field for inventors. The 
lead accumulator is very efficient — you can get back almost all the 
electricity you put in — but it has several thoroughly bad features. 
First of all, it is very heavy. This makes it neatly useless for 
anything that has to move. A few electric vans run by batteries 
are used, chiefly because they pay a low tax, ate very free from 
noise and vibration and stop and start very easily: but it is wastefxil 
for a five-ton lorry to carry a ton and a half of accumulators as 
its source of power. Moreover, storage batteries are slow to 
charge, for the electricity can only be put in at a certain rate. 
Lasdy, they are rather short-lived. A couple of years is a good 
life for the starter battery of a car. 

A great many batteries have been devised to overcome these 
defects, but none appears to have done so at all completely. Some 
of the alkaline cells are lighter than the lead cells but are still 
heavy. 

If a really light and strong quick-charging storage battery 
could be devised it would revolutionise transport. The cars or 
vans fitted with it would ordinarily be left charging overnight: 
garages would have arrangements to diarge it up in five minutes 
or so. An electric motor driven by a battery is comparatively 
light: it gives tremendous acceleration and very little trouble. 
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The danger of fire from petrol would be eliminated, and the noise 
and exhaust fumes of our streets would be halved. No gears 
would be needed on an electric car, for some motors pull even 
better at lower speeds than at high. If any of my readers wants a 
hundred million pounds, let him invent and patent a light, strong 
storage battery which can be charged in a few minutes. There is 
nothing theoretically impossible about it: but no one has yet 
found the way to do it. 

KLECTROPI*ATING 

Certain kinds of molecules, those of acids like sulphuric acid 
or hydrochloric acid, alkalis like caustic soda, or salts like common 
salt or copper sulphate consist of a positively charged part and a 
negatively charged part which are bound together by electrical 
attracdon. A common salt crystal (p. 47) is just an orderly 
assembly of positive sodium ions (so^um 
atoms with one electron missing) and nega- 
tive chloride ions ^chlorine atoms with an 
extra electron). When salt is dissolved in 
water, these float about separately, so that 
a solution of salt is just a crowd of 
separate sodium ions and chloride ions. 

Just in the same way, a solution of copper 
sulphate is a solution of coundess copper 
ions and sulphate ions. The copper ions 
are copper atoms with two electrons missing 
(Fig. 1 53), the sulphate ions are each a 
sulphur atom bound firmly to four oxygen 
atoms — these five atoms having two extra ^ ^fe«s verticaUy 
electrons shared between them. shaded tepresent <«y- 

, gen atoms, that marked 

Now, suppose we want to plate a spoon ^ a sulphur atom, that 

with copper. We make a solution of copper f 

, , , ion. The spheres are 

sulphate: we connect a copper plate to the ,bout thirty >»iiii«« 

positive terminal of a single dry cell and natural sjae, a 

S ,, , , 1 ^ drop contains millions 

the well-cleaned spoon to the negative plate of Elions of them. 
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and let them hang there for half an hour or longer. A beaudfiil 
pink coating of copper soon spreads over the spoon. If we leave 
it long enough, the copper plate will be entirely eaten away 
and deposited on the spoon. 

Fig. 1 68 shows w^t has happened. The electrons crowd 
into the spoon and charge it negatively; accordingly, it attracts 
the copper ions. These barge their way through the water mole- 
cules and reach the spoon. From it they each take a pair of 
electrons and become copper atoms, firmly attached to the spoon. 
Meanwhile, the sulphate ions are repelled by the spoon and 
attracted by the plate. When they reach it, they hand over their 
two extra electrons to it and these go round to the battery again. 
But, the sulphate group left- — a combination of a sulphur atom 
and four oxygen atoms— immediately takes two more electrons 
from a copper atom in the copper plate and makes a copper ion, 
itself becoming a sulphate ion once more. So, each pair of 
electrons which goes round, deposits a copper atom on the spoon 
and takes one off the plate. The solution remains the same, for 
just as many copper ions enter it as leave it. 

Industrially, this process of electroplating is very important 
indeed, because it gives a way of putting a thin layer of an 
expensive metal over a cheap one. 

The process of copper-plating which has just been described 
is used chiefly in order to prepare other metals to receive a 
coating of nickel, silver or gold. Another use for it is for refining 
copper. When copper is made by smelting, it has various im- 
purities including some silver and gold. An ingot of impure 
copper is hung on a bar connected to the positive pole of a 
dynamo, and a thin plate of pure copper is suspended from a 
metal bar electrically connected to the negative pole. Both 
hang in a solution of copper siJphate. The impure copper 
dissolves, and because copper is easier to electrolyse than most 
metals, it deposits on the pxue copper plate while other metals, 
like iron, which may have been in the ingot remain in the solution. 
Any gold or silver sinks to the bottom as a mud which is re- 
covered and refined. 
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But to return to the chief use of electro'plating — ^thc coating of 
metals with another metal. 

Nickel is plated in much the same way as copper. The positive 
plate is an ingot of nickel, the solution is nickel sulphate with 
some ammonium sulphate, and the negative pole is made up of 
the things which are to be plated. The coating is not very 
brilliant, so it is polished afterwards. Zinc and cadmium are 
sometimes plated on iron to prevent it from rusting. The most 
important plating, however, is with silver, gold and chromium. 

Silver and gold plating arc done from a solution of the very 
poisonous potassium cyanide. A silver plate is the positive 
pole, a solution containing silver nitrate and potassium cyanide 
is the liquid, and the forks or what not, 
the negative pole. Fig. 169 shows the 
very simple way a silver article can 
be gold-plated. Needless to say, great 
care must be takoi in handling the ex- 
ceedingly dangerous potassium cyanide. 

Chromium plating is a comparative 
novelty. Chromium is extremely hard 
harder than steel. It takes a brilliant 
polish, does not tarnish, and has a fine 
blue-white lustre. It is clearly an ex- 
cellent metal with which to coat any- 
thing. Unfortunately, it proved a very 
difficult metal to deposit. The diffi- 
culties have been overcome now, 
and chromium plate is seen every- 
where. 





Fig, 169 . — Gold-plating a 
silver match-box. The liquid 
(L) is potassium cyanide 
solution; the anode is 
a gold ring, the cathode 
(C) the weU-cIcaned silver 
matchbox. Both are sus- 
pended from an insulating 
rod (R), c.g., a pencil. The 
potassium cyamde solution 
dissolves the gold and the 
current redeposits it on the 
silver. 


In order to get a firm solid coating of any metal which will not 
fiake offi two rules must be followed. First, the voltage must be 
low and the current must not exceed a certain number of amps, 
per square inch plated. Secondly, the things to be plated must be 
very clean. A touch of a greasy finger is often enough to prevent 
the metal from sticking. 

This process of electrolysis gives a way of measuring the 
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amount of current which passes. Every atom of>copper de- 
posited from copper sulphate means that two electrons have 
passed: an atom ofcopper weighs nearly 1.05 x io~^ grammes, so 
diat every gram of copper deposited means that 
20,000,000,000,000,000,000,000 dectrons have passed. We do 
not measure quantities of electridty by the number of dectrons, 
but by coulombs, each of which is about 6,000,000,000,000,000,000 
electrons. A coulomb is actually the amount of electridty which 
passes in a current of 1 ampere flowing for one second. It is 
found, then, that every gram of copper deposited in an dectrolytic 
cell means that 3,08; coulombs have passed. This was used in 
one of the first kinds of electric meter. An arrangement was 
made by which a small known fraction of the current going to a 
house went through a cell made up of two copper plates im- 
mersed in copper sulphate solution. The negative plate was 
wdghed at intervals and the amount of electridty used was 
worked out. Modern dectdc meters ate of a different type, and 
depend on sending a fraction of the current through a small 
elecoric motor equipped with an arrangement for counting the 
number of times it turns. 


CONDUCTION OF ELECTRICITY 

Electrons, when they travd along a wire, probably thread thdr 
way between the atoms of the metal. However they travel, it is 
certain that the bigger the wire the more readily they can get 
through it. A wire of a square inch cross section lets a hundred 
times as much dectridty through in a given time as a wire of 
square inch cross section, if the same voltage is. applied 
to the two ends. Materials too, differ enormously in the power of 
letting electricity through. Silver tops the list as the ^t con- 
ductor, the other metals let through from 94% to 2% of the 
amount of current carried by a silver wire of the same size and 
length. 

All other things arc much worse conductors. Solutions of 
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adds, alkalis and salts conduct £ufl7 well, and are electrolysed 
at the same time. Absolutely pure water only just conducts 
electridty, and such substances as glass, sulphur, wax, resin, 
diamond, etc., practically do not conduct at all. 

Naturally, we need some way of measuring how well or badly 
a given wire conducts and we settle on a quantity called its 
resistance to express the amount it diminishes a current that 
passes through it. We say that a wire has a resistance of an obnty 
if, when its ends have a potential difference of a volt applied to 
them, a current of an ampere flows. A very convenient rule 
(Ohm’s Law) tells us that ^e resistance of a wire is the voltage 
applied to the ends of it divided by the current that goes through 
it. Take a 60-watt, azo-volt lamp as an example. A watt is ^ ^ 
rate of working when the current of i ampere flows at a potential 
drop of I volt. So, a 60-watt lamp working at .220 volts is 
passing oth ampere. The resistance is the voltage (220) divided 

by the current amp. and this is equal to about 807 ohms. 




Fro. 170. — ^The tcbemblance between the flow of electnaty and of water. 

An electric current passing along a wire has been compared to 
a flow of water through pipes and, as long as you consider only 
its flow, this is a good comparison. Its magnetic and inductive 
effects used in transformers, motors, etc., have no real parallel in a 
water stream. 
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In Fig. 170 we have the resemblance set out more fully. A 
dynamo drives electrons round a dicuit as a pump drives water, 
llie diderence of pressure (potential energy) of ele^tons at pole 
A and pole B is the voltage drop or “potential difierence” or 
“electro-motive force” driving the electrons round. The differ- 
ence of pressure of water at A and B represents the same thing for 
a water circuit. The quantity of electricity is measured in 
coulombs, so the flow per second past every point is measured as 
coulombs per second. A coulomb-per-second is called an 
ampere. The flow of water would probably be measured in 
gallons per second. Obviously, the jamo quantity of water passes 
every point in the circuit during any given second — ^if it did not, 
water would be accumulating somewhere. The same is true of 
electricity: the amperage of a single circuit must be the same 
throughout. The pressure (voltoge) of course drops steadily 
from A to B. It will drop most where the resistance is greatest. 
Thus, the biggest drop of pressure will take place between C and 
D in both the electric and the water circuit. 

The terms series and parallel require some notice. If two 
or three objects are connected in series, the same electricity 

goes through all of them. If 
in parallel, the electricity in 
the circuit divides itself be- 
tween them and the greatest 
quantity of electricity passes 
through the dtings wiA the 
least resistance to it ^Fig. 171). 
Parallel connections are always 
used for house lighting or 
heating, because they allow 
one lamp to be switched off 
without affecting the others. 

The lamps are in parallel 
and, therefore, can be lighted 
independently: but the lamps 
and switches are in series. 



Fig, 171. — Circuits in parallel and 
series. In the upper illustration the 
accumulator, ammeter and plating 
cell are in series. In the lower inustra- 
tioo the two lamp-circuits ate in 
parallel. 
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Suppose the two lamps shown in Fig. 171 ate of 60-watt and 
30-watt size. The 60-watt lamp has half the resistance of the 30- 
watt one. The ptessute of the mains is the same for each, so 
twice as much electricity flows through the 60-watt lamp. 

What happens to the energy lost when an electric current 
flows through a wire without apparently doing any useful work? 
The answer is that the “resistance” is the slowing down of the 
stream of electrons by collision with the atoms of the metal of the 
wire. These are speeded up and consequently become hot: the 
energy of the electricity is thus turned into heat and sometimes 
light. 

There is quite a simple rule which tells how much heat will be 
obtained when electricity flows through a lamp, wire, etc. It is 
that the heat is Cht joules. Multiply the current (C) in amperes by 
itself, multiply this by the resistance (r) of the wire or l^p and 
this by the time (/) in seconds and you get the amouht of heat in 
“joules.” Divide this by 4.18 and you get the heat in calories— 
one calorie is the amount of heat that makes a gram of water one 
degree Centigrade hotter. 

Let us calculate the heat given by the 60-watt lamp in an hour. 
Actually, only about i.j% of its energy appears as light, so we 
can neglect this. The current is fx amp-, the resistance is 807 
ohms, the time 3,600 seconds. Accordingly, the heat is X jj 
X 807 X 3,600 joules = about 285,000 calories. This would 
heat about six pints of cold water to boiling. 

Electric lighting we will leave until we come to talk about 
light. But electric heating has many merits, and this is a good 
place to discuss it. In the first place, electric heating needs no air 
and gives no fumes to be carried off by chimneys. Consequently 
we can put an electric heater inside a boiler where every bit of its 
heat will go into the water: an electric fire can stand in the middle 
of a room and none of its heat need go up a chimney. So the 
heat it gives is very economically used. The trouble is that it is 
expensive. A ton of coal gives at least thirty million British 
thermal units of heat; a therm of gas gives 100,000 British thermal 
units; a unit of electricity gives 3,416 British thermal units. 
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Accordingly, if we have fz to lay out in heat, we may buy: 

A ton of coal at fz and get 30,000,000 British thermal units. 

56^ therms of gas at 8^d. a therm and get 5,630,000 British 
thermal units. 

480 units of electricity at id. a unit and get about 1,500,000 
British thermal units. 

Now, a coal fire at best only sends 25 % of its heat intoaroom, 
so that of its 30,000,000 British thermal units only 7,500,000 are 
any good; if the gas is burned in a gas fire, 50% are used, so the 
heat used comes to 3,000,000. The electric fire sends all its heat 
into the room so that you will get the whole 1,500,000. It 
appears from this that electric heating is abouc twice as expensive 
as gas heating, and gas heating twice as expensive as coal heating, 
but it must be remembered that we have assumed a rather high 
price for coal and a low price for electricity. Actually, a great 
deal of the cheapness of coal heating is nullified because a coal fire 
cannot be turned out when a room is unoccupied. 

An electric heater is simply a long wire wound on a support 
which does not conduct electridty and which will stand a Ugh 
temperature. Fireclay or mica are ordinarily used. It does not 
matter whether the wire is straight or coiled: it gives just the same 
amount of beat but by coiling it we. save space, and also make it 
cool less quickly and therefore reach a higher temperature. The 
advantage of this is that the wire becomes red-hot and gives out 
radiant heat as well as warming the air. 

The wire is usually made of an alloy of nickel and chronuum. 
Other metals (except the very expensive platinum) would 
oxidise, get thin, and bum out in a short time. 

Electric heaters for water are just the same in principle. The 
heating coil is usually in a metal case. 

The length of wire must be such as to let the right amount of 
current through. If it is too long, the current will be too small 
and the heat will be le.ss: if too short, the current will be so large 
that the wire gets too hot and bums out. 

The heating efiect of the current is used in the fuse-boxes 
fitted in every house. Suppose there were no fuses and two 
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electric wires were allowed to toudi, as by accident diey some- 
times do. There would be very little resistance to the current, so 
a huge current would pass and very great heat would be 
generated in the wires, probably setting the house alight. To 
avoid this, it is arranged that the current flows through a thin 
piece of wire, usually fine tinned copper or often an alloy of tin 
and lead. If a greater current than the house supply requires 
flows through this, it gets hot before the other wires — ^because its 
resistance is higher — and so is melted and breaks the current. It 
is very dangerous to mend fuses with thick wire (or, indeed, any 
but proper fuse wire) because if a short-circuit occurs the wires 
may burn out elsewhere than at the fuse. 

A common type of ammeter for measuring current depends on 
the heating effect. A wire is stretched and a light spring holds it 
taut. When a current passes the wire becomes hot and expands. 
The spring pulls it down and so moves the pointer; It is not an 
extremely accurate instrument, but it is foolproof and stands 
knocking about. 


MAGNETISM 

Magnetism is closely connected with electricity, and a great 
many important applications of electricity depend on it. The 
most important of all, the dynamo and electric motor, depend on 
magnetic forces — so also do the telegraph, telephone and many 
other devices. 

The permanent magnet has been known since very early 
times. 

A particular iron ore called lodestone or magnetite was 
discovered to have two very peculiar properties: it would attract 
pieces of iron to itself and, when hung by a thread, it would 
always set itself with one particular part to the north and another 
to the south. 

Magnets of lodestone are now rarely met with, for stronger 
and less bulky magnets can be made of steel. How is a magnet 
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made from a plain piece of steel? Two ways are known. First, it 
can be stroked with another magnet always in the same direction 
(Fig. 1 72), secondly, it can be wrapped with a coil of wire through 
which a big current is passed (Fig. 178, Plate XVI). 

Steel is ^e only thing whi^ can be made into a permanent 
magnet: pure iron becomes a magnet when treated as above but 
loses its magnetism as soon as the magnet is removed or the 
current is cut off. A few other metals are attracted by a magnet; 
nickel and cobalt fairly well, and a couple of dozen metals 
(mostly rare ones) very slightly indeed. Most common metals 
are, on the contrary, very feebly repelled by a magnet. A very odd 
exception to the rule are the Heusler alloys which are quite 
strongly magnetic though entirely made of non-magnetic metals! 
A typical specimen might contain 61 % copper, 24% manganese 
and 15% of aluminium. 



Th« Mk piwluMd wlicra you l«ave off strakind 
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Fig. 172. — Hov • piece of steel is made into a magnet by 
stroking it with one or mote magnets. 

Suppose we have in our hand a magnet: a bar magnet is 
perhaps best, but a horseshoe magnet will do very well. What do 
we notice about it? The first and most obvious thing is that it 
attracts iron and steel. But it is very soon noticeable that’ it does 
not attract them equally all over. The middle of the magnet 
has practically no attracting force: this is strongest at the two 
ends— called the poles. Are the poles the same? They attract iron 
equally strongly, and as long as you only try the effect of them oa 
ordinary iron, you won’t find any difference. 
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But now mark one end of 70ur magnet with an inkspot oc a 
bit of stamp paper and take a long needle. Stroke it a couple of 
dozen times with the marked pole of the magnet, always going 
from eye to point. This will turn it into a magnet. Stick it into a 
slice of cork and float it on a saucer of water. Put your magnet at 
the other end of the room, so as not to disturb it. Your needle 
will now set itself north and south: it is a compass in feet. Sup- 
pose the end of it which points to the north is the end with the 
eye. Call that the north-seeking pole and the other the south- 
seeking pole. Now bring your magnet slowly near it. The 
marked pole will attract the point and repel the eye. The un- 
marked pole will attract the eye and repel the point. We say, then, 
that a magnet has two opposite poles, one of which points to the 
north when the magnet is free to move: the other points to the 
south. Two north-seeking or two south-seeking poles repel each 
other: a north-seeking and a soutli-seeking pole attract each 
other. Every magnet has two poles of this kind. Suppose 
you try and get a magnet with one pole by breaking it in half. 
Well, your two new magnets will grow a fresh pole at the broken 
endsl When we have seen what magnetism is, the reason will be 
clear. 

Magnetism is not at all easy to explain. Every atom of iron 
is supposed to be a tiny magnet which can swing about freely. 
Consequently, if we bring another magnet near it, all the north 
poles are made to point the same way. This makes the whole 
piece of iron into a magnet. If steel is used, the iron atoms in it 
are prevented, presumably by the carbon atoms in the interstices, 
from moving easily, but once dragged round they stay round, 
and so a piece of steel, once made a magnet, stays a magnet. 

This explanation is very well in its way, but it does not explain 
why an atom of iron should be a tiny magnet. If nothing except 
atoms gave magnetic forces this would be diflicult to explain, but 
as we shall see later on, an electric current flowing in a circle acts 
exactly like a magnet. A loop of wire as in Fig. 177 has a north 
and a south pole like a magnet, and if free to move sets itself 
north and south like a compass needle. If the direction of the 
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cuttent is reversed, the poles change places. Now an electric 
current flowing in a circle is a crowd of electrons moving in a 
circle. Atoms are made up of electrons, believed to be revolving 
in circles: so every atom ought to be a magnet. But every atom is 
not: and die reason is, that most atoms have as many electrons 
racing round them clock-wise as anti-clockwise, and their mag- 
netic forces cancel. Iron and a few other elements have unsym- 
metrical atoms, in which the electrons are not all paired so as to 
cancel their magnetic forces. Consequently an atom of iron be- 
haves like a tiny ring of 
wire carrying a current. 
In an or^nary piece of 
iron the rings lie higgledy- 
piggledy (Fig. 173), and 
as roany atoms are exerting 
their forces in one direc- 
tion as in another. Con- 
sequently,apiece of iron is 
not a magnet. But bring a 
magnet near it, and aU the 
ring-currents themselves 
set in the same direction; 
all pull the same way and 
together exert quite a big force. The iron has become a magnet. 
The really unsolved problem is why the iron atom is in this way 
so diflerent from, say, the feebly magnetic nickel atom and so like 
it in other ways. 

The mariner’s compass is a fairly ancient instrument. At one 
time it was believed that the Chinese knew of the compass as 
long ago as 2300 B.c., but there does not seem to be any reliable 
record of its use before about a.d. 1300. 

In Europe, the use of it in the form of a floating needle is first 
mentioned between a.d. iioo and 1200, and the pivoted compass 
was known before a.d. 1300. 

The principle of the compass is simple enough. It is a magnet 
suspended so as to turn freely. The whole earth is a magnet 
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Fig. 173. — ^An unn)agneti$ed bar of iron or 
•ted (A) is thou^t to consist of atoms, 
each a tiny dectnc drcuit, lying with their 
circuits at random in any plane: their effects 
therefore cancel out. Ine fully magnetised 
bar (B) has all these circuits in a plane at 
right angles to its length — consequently 
tlwir e^ts reinforce each other. 
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with its north pole in the Arctic wd its south pole at the Antarctic, 
and the earth’s poles attract or repel the compass-needle’s poles. 
The Magnetic Poles are not at the true north and south, poles, 
which are the axes on which the earth turns. The consequence of 
this is that the compass does not point to the true north. It points 
about 13“ west of north in London. 



In Cuba it points about 4° east of north and at Cape Town 
about 25“ west of north. It follows then that it a ship is to be 
steered by a compass, the captain must have a map showing in 
what direction the compass points in that part of the world. 
Worse still, the magnetic poles of the earth are always steadily 
shifting. In 1660 the compass pointed due north in London: in 
1800 it pointed 24® west of north: somewhere about a.d. 2000, 
it is likely to point due north again. 

An ordbary compass points along the earth’s surbee roughly 
to the magnetic pole. If we suspend a magnetic needle so that it 
can swbg up and down, it pobts more or less throng the earth to 
the magnetic pole. 

It is not easy to understand why the earth should behave as a 
magnet. The obvious theory is to suppose that its bterior is 
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made of iron, and its high density rather supports this. The rocks 
at the earth’s sut&ce are on the average about two and a half 
times as heavy as water. But the earth itselfismorethan five times 
as heavy as a globe of water of the same size. Qearly, then, the 
interior of the earth must be very dense. Ordinary iron has a 
density of 7.84. Meteorites, too, which are thought to be bits of 
e^loded planets or stars, are usually mainly iron. 

The serious thing against this theory is that the inside of the 
earth is presumably very hot. Molten lava comes out of it, and 
mines become hotter as they go deeper. But iron loses aJl its 
magnetism at a red heat, and it seems then impossible to think of 
the earth as a magnetized lump of iron. All the same, we do not 
know whether iron under the enormous pressures of the depths 
of the earth could be magnetized even when white hot, but there 
is no great reason to believe it. 

The view which is at present chiefly favoured is a difficult one 
to explain or understand because it involves the theory of 
Relativity and very deep mathematics. RougWy speaking, the 
theory provides that the positive electricity of the nuclei of atoms 
is being annihilated in the earth’s interior, forming energy 
(which is one source of the earth’s interior heat) and the negative 
electrons left behind slowly find their way outward to the crust 
and then pass upward through the air and away from the earth. 
This passage of electricity outward is well known, and we have 
always been puzzled to know where the electricity came from. 
Now the earth is spinning, and a spinning electric charge gives a 
magnetic field. 

When the quantities are worked out mathematically, it seems 
that if the earth was losing of its mass in ten million 
million million years, this would give enough electricity to 
account for its magnetism. Actually, the earth is probabiy only 
two or three thousand million years old, so this loss would not be a 
very great one. 

Now, the sun is presumably made of much the same stuff as 
the earth: it is hot like the earth, far hotter, and it is rotating 
like the earth. It gives out torrents of electricity — streams of 
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electrons come from it as far as the earth. G>asequently, the sun 
should be a magnet too. 

Now, we can’t go to the sun and try a compass on it, but we 
have a way of studying its magnetism. When light is produced 
by a glowing atom, it is the shifting orbits of the electrons in the 
atom that fix the wavelength (p. of the light. If the glowing 

atom is placed in a magnetic field, these orbits are slightly altered, 
and where light of one wavelength was produced before, light of 
two or three slightly different wavelengths is produced instead. 
Now, the spectrograph (pp. gives us a way of measuring 

the wavelength of the sun’s light and by comparing the light that, 
say, glowing sodium gives in the sim and on the earth, we find 
that there is a huge magnetic field on the sun. At the sun’s poles 
it is over loo times the highest pull of the earth’s magnetism, and 
in the vast swirling storms of the sun-spots it may rise to forty 
times this value. 

Let us return to the earth once mote. The compass is a useful 
guide in spite of the irregularities that have to be allowed for. 
More ships are still steered by the magnetic compass than by the 
gyro-compass (p. 172), although the latter has none of the 
funner’s defects. 

The earliest compasses were just a magnetised needle stuck in a 
little piece of wood and floated on water. The next step was to 
balance a magnetised needle on a pivot and many pocket com- 
passes are still of this type. The chief disadvantage of these 
compasses is the long time the needle swings before it settles. 
This is got over by filling the compass with alcohol and water 
which slows down its wagglings. 

The ship’s compass, instead of having a needle which points to 
markings on a ring, has several needles attached to a card marked 
with the points of the compass (Fig. 175.) The whole card turns 
on a sapphire balanced on a needle. These compasses are also 
often filled with a mixture of alcohol and water to steady the card. 
The compass of a ship always stands in one place — on the 
binnacle or pedestal. The rolling and pitching of die ship would 
make it almost impossible for the card to turn freely, so the 
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Fig. X75 — ^The moving catd of a ship's compass with attached magnetic needles. 
(G)urtesy of Messrs. George Philip dc Son, Ltd., and Capt. I.ecky, from the latter’s 
Wrinkles in Practical Narigfitm^ who also kindly furnished Fig. 1 75^.) 

compass is swung in gimbals (pivoted rings such as ate used to 
support the gyroscope of Plate VIII); these keep it alwa5rs level. 
To minimise the effect of the oscillations a bowl containing a 
viscous liquid such as castor-oil is attached to the base of the 
compass; its sluggish movements lag behind the oscillations of 
the compass and gimbals and so slow them up. 
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A compass needle is 
a magnet and is thete- 
fore attracted by iron. 
As a modem ship is 
full of iron and steel it 
is very necessary to get 
rid of their attraction. 
The only way to do 
this is to put pieces of 
iron and small magnets 
near the compass in 
such positions tiut they 
pull the needle exactly 
as strongly as, and in 
exactly the opposite 
direction to the iron 
and steel in the ship. 
To do this, the ship is 
pointed N, S, E and W, 
and the iron masses and 
iuagnets in the pedestal 
are adjusted until the 
compass shows the cor- 
rect reading in every 
direction. 



Fig. i7;<i. — S ection of compass supported on 
binnacle. 


The ordinary magnet has two poles. Both of these will attract 
anything near it, so that the force of the magnet will anywhere 
be a combination of the forces from the two poles. The direction 


of the force can be depicted by a line and it is easy in a very pretty 
way to make the magnet draw the pattern of its own lines of force. 

Get a magnet and put a stiff sheet of paper over it and dust 
on to it some iron filings. Any garage will have plenty on the 
bench round the vice: if they are greasy rinse them with petrol. 
Now tap the paper. The magnet turns each filing into a tiny 
magnet and the force makes it set in the direction of its pull. 
Plate XVI shows patterns obtained with a horseshoe magnet. 
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A magnet has the remarkable power of turning another piece 
of iron into a magnet. The tiny molecule-magnets are, we 
suppose, swung round by its attraction. This is well shown by 
hanging tin tacks on a magnet. Each tack becomes a magnet and 
so holds up the next one, which in turn becomes a magnet 
again. The “whiskers” which attach themselves to a magnet 
dipped in ironfilings are produced by eachfiling attracting the next. 

Permanent magnets are fairly feeble. The largest magnetic 
forces are obtained by the use of the electric current. Now, a 
moving electron has a small magnetic held. Gsnsequently, a 

current of electri- 
city flowing along a 
wire exerts a small 
magnetic force. 
You can show this 
by floating a mag- 
netised needle in a 
saucer of water so 
that it lies just be- 
low a wire (Fig. 
176). On touching 
the ends of the 
wire with a flash 
battery, the needle 
flicks sideways. The lines of force of the field — that is to say, the 
lines showing the direction in which it would puli a north-seeking 
magnetic pole, go round and round the wire. 

If you look along the wire, so that the electrons 
are going away from you, the direction of the 
field is in a circle, anti-clockwise round the wire. 

That a circular current behaves like a magnet 
may be seen by constructing a floating battery 
and loop as illustrated in Fig. 177. The loop 
sets itself with its axis in a N — S meridian as 
illustrated. The plates might be zinc and Fig. 177.— Adtcular 

1 1 1- -j j-1 ° 1 1 • -j current acting as a 

copper and the liquid dilute sulphuric aad. magnet. 


- 0 - 
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Fig, 176. — (Above) a compass needle deflected by the 
magnetic field of a wire (Below). The circular field 
surrounding the wire. The arrows show the direction 
in which a north magnetic pole would be attracted. 
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The force round a wire carrying a reasonable current is not 
great, but by coiling the wire in a spiral a considerable force can 
be concentrated in the small space within the spiral, for the 
magnetic field of each turn of wire acts in the same direction. 
Fig. 176 shows such a coil encircling a tod of iron. In actual 
practice a great number of closely coiled turns are employed, for 
the strength of the field you get depends on the current you 
pass and the number (and diameter^) of the turns of the spiral. 
The more the current, and the mote turns there are, the greater is 
the field. Unfortunately, the more wire you have the greater is the 
resistance of the wire to the current and the less current can be 
made to pass. To getthe very biggestmagneticfields,huge currents 
of 5 ,000 or more amperes are used. However, these very powerful 
magnetic fields ate used only in scientific experiments. 

The magnetic force produced by an electric current is used 
for a great number of practical purposes. 

A spiral coil of wire with a current flowing round it is called 
a solenoid. It gives a fairly uniform magnetic field with a north 
pole at one end and a south pole at the other. 

If a rod of iron is placed in the middle 
of a solenoid, the magnetic force makes 
all the magnetic atoms of the iron face 
the same way (Fig. 178). Consequently 
the iron is converted into a powerful 
magnet. If soft iron is used, the iron 
ceases to be a magnet as soon as the 
current is cut off. This arrangement of a 
piece of iron encircled by a coil of wire is 
called an electromagnet. 

Big electromagnets are greatly used 
for handling masses of scrap-iron, etc. 

Plate XVI shows one of the favourite 
patterns. 

When the current is sent through the 

1 The diameter does not matter in a long spiral. In a short one, the greater the 
diameter the less the magnetic held. 



Fig. 178. — The magnetic 
field of the wire carrying 
the current is a circle 
clockwise round it. Con- 
sequently all the lines of 
force within the spiral 
point the same way and 
sum up to a considerable 
magnetic force. 
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coil of wife the lines of force pass through the iron and it becomes a 
powerful magnet. When it is switched off again the iron ceases to 
be a magnet. The photograph shows a mass of scrap iron sus- 
pended by an electromagnet. Fragments and scrap of this kind 
ate obviously difficult to move quickly: the electromagnet affords 
a very easy way of picking up and dropping it. 

To turn from big magnets to little ones, we find in the solenoid 
one of the most sensitive ways of detecting (and measuring) a 
small electric current. Most sensitive anuneters and voltmeters 
consist of a coil of wire within which is suspended a magnetic 
needle like a compass needle. When the current flows the coil 
creates a magnetic field which deflects the needle. 



Fig. 179. — A movable coil galvanometet (i). The insttument with cover removed 
(by permission of Messrs. Griffin and Tatlock.) (a) Diagram of wiring. 


The most sensitive type has a movable coil instead of a movable 
magnet as shown in Fig. 179. The current goes through a little 
coil of wire hanging by a conductive springy thread of phosphor 
bronze. The coil carries a little mirror. A spot of light is re- 
flected by this on to a scale. On either side of the coil are the 


'ruilio-Alicmaior to i;cncfatc 25,000 kilowatts. 

Bv fouricsN ot' rlu' I niilish I'lcctric ( o., I.td., Siaflon 



rhc arntaiurc of a d\namo designed to generate ^7,500 kilowatts, 
riiv courtesv of the hnglish Idcctric (’o., J.td., Stattord.) 


PLyVl'J^ XVI 



Rlcctromagnct lifting a hcav\ load of 
steel scrap. (Btlon) Section (4 same 
showing coils (/;). (Dernag Pht)to: 
from the manufacture is, Ouishurg, 
(lermany.) 



I'hc lines ot force of a horse-shoe 
magnet. 

(from a photograph by Mr, 11. 

P( )C()ck.) 



'J ha rcc(;rd -breaking Union Pacibc 
oil-<iri\en train. 

(by courtesy (»f 7'Zr Oi/ Ijr^inc.) 
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poles of a powerful magnet. Suppose a current flows. The 
suspended coil becomes a magnet and the big magnet pulls it 
round till the spring of the suspension wire balances the pull. 
The coil carries the mirror with it, and the light-spot shifts along 
the scale. An instrument of this kind will detect a current of as 
little as amperes. 

An electromagnet is the easiest way to make an electric current 
do some simple act at a considerable distance. The telegraph 
gives the best example of this. It requires a battery, usually of 
fair voltage as the resistance of the long wire is considerable, 
a tapping key to cut off and switch on the current and an inker at 



Fig. 180, — Simple telegraph. T, tapping key; C, contact; B, 
battery; electro-magnet; S, spring suppoiting inker; P, pivot; 1 , 
ink; \V, inking wheel; R, moving paper tape; E, E, earth. 


the far end (I’ig. i8o) to record the message. When the key is 
pressed down, the current flows through the battery and the key to 
the coil of wire round the iron core (M). This becomes a magnet 
and pulls the inking wheel on to the strip of paper which is all the 
time unrolling itself. When the key is released, the wheel springs 
down. It is unnecessary to use a double wire. The earth is used 
as one wire: it is a vast reservoir of electrons and the battery may 
be regarded as drawing them from the earth at the receiving end 
and discharging them into the earth at the sending end. 

The morse code used for telegraphic purposes has only two 
signals, a long one or dash and a short one or dot. The letters 
of the alphabet, numbers and figures are all represented by, 
combinations of these. Instead of (or as well as) an inker, the 
telegraph usually has a buzzer (p. 325) which sounds when the 
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key is pressed down. This makes it easy for anyone who has 
learnt to do so to interpret the signals by ear. 

The telegraph is being steadily superseded by the telephone, 
which is just as simple to instal and is much easier to use. It 
does not, however, write down its messagcsl 

Where the telegraph line is long the resistance of the wire 
diminishes the current and the signals become faint. To remedy 
this relays are commonly used: These are another application 
of the electromagnet. Suppose the line extends joo miles: this is 
divided into several circuits, each with its own battery. The 
signal-current in the first circuit operates an electro-magnet. 
This works a switch in the second circuit and so sets going a new 
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Fig, i8i. — The teleprinter code, A circle represents a 
pulse of current in one direction; a blank square a pulse 
in the other direaion. (Gjurtesy of the G.P.O.) 
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signal-current as strong as may be wished. The second circuit 
has also a relay which sets the third going and so on till the 
destination is readied. 

The modern telegraphic apparatus is the teleprinter. This is 
a complicated mechanism which can hardly be understood without 
seeing it. It has at the sending end a keyboard like a typewriter: 
at the receiving end is a printing apparatus. Briefly, the depressing 
of the key corresponding to any letter causes five successive 
pulses of positive or negative current, differently arranged for 
each letter, to be sent out. These at the receiving end operate 
what is almost a combination lock. Each signal “unlocks” one 
of the 31 latches corresponding to one of the 31 letters or stops: 
this latch stops a rotating wheel of type at the right point for 
the required letter to be printed on a paper tape. These machines 
send about 65 words a minute with very little strain to the 
operator and none to the receiver 

Submarine cables are a more difficult problem. You cannot put 
relays at the bottom of the sea, and so a current has to travel say, 
4,000 miles without any reinforcement. All sorts of problems 
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Fig. 182. — A submarine cable. 

arise here which are not found elsewhere. In the first place, the 
cable must be extremely well insulated, i.e., coated with material 
wliich does not conduct electricity. It must be strong, for it is 
likely to lie across rocks and holes in the sea bottom where it has 
to support its own weight. Fig. 182 shows a drawing of such 
a cable. Starting from the inside we have the copper wire which 
carries the current, then a wrapping of metallic tape made of a 
nickel-iron alloy, “Permalloy.” The effect of this is to increase 
the speed at which signals can be sent. Outside this is the insulat- 
ing layer of guttapercha. This insulation must be very sound 
indeed. Next may follow a layer of brass tape in order to stop the 
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shipworm Teredo from boring holes in the cable: over this may be a 
layer of jute fibre to act as a cushion, then strong steel wires 
to take the pull when a cable hangs across a cleft in the sea bottom. 
Finally, a layer of jute fibre and pitch keeps the sea water from 
corroding the steel wires. So effective is this arrangement that 
cables have remained forty years in water and come up as good as 
new. 


The signals must be sent down the cable at a great pace if the 
very expensive cable is to pay its way in fees. Actually, speeds of 

2,500 letters a minute 
have been reached by 
mechanical senders — 
no human operator 
could work a key at 
this pacel The signals 
are very faint after 
the long journey and 
an amplifier — rather 
like the valve amplifier 
of a wireless-set in- 
creases them till they 
will work an inker. 
Fig. i#3 shows such 

Fig. 18). — Kelvin inker. The coil A which receives inker, fhe inter- 

the currents hangs from the thread F, between the mittent Currents (dots 
poles N, S of a powerful magnet. Its motions ate j j u ^ 

transmitted by a thread to the ink-siphon D. The ^ H oasnCSy p a S S 
ink is kept electrically charged by the electrical through a Coil of wire 
machine MM. This is necessary in order to pre- i 

vent the ink gathering in drops on the end otthc ^^^nging by a Springy 
D. thread in thefield of a 




Fig. 184.— The ^per tape of the recorder, an 
Upward deflection is a dot: a downward one a 
dash. 


powerful magnet. When 
a “dot” or “dash” passes, 
the coil becomes a mag- 
net with its north pole to 
the big magnet’s north 
pole, and its south pole 
to the big magnet’s 
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south pole. It is consequently sharply twisted round when 
the current passes. In doing so, it pulls a thread which deflects 
a little tube through which ink is trickling on to a moving 
paper strip. 

The difficulties experienced with submarine cables make 
wireless telegraphy (Chapter XVII) a more popular and cheaper 
way of sending long-distance messages. 

!^cctric bells are applications of the electro-magnet. The 
current passes through the coils of such a mag- 
net (A) and so excites the iron core (B). This 
attracts an iron pole-piece (P) which is 
attached to a steel spring (S) and has on it a 
metal rod and ball (R). These fly forward and 
strike the bell. But the current after leaving 
the magnet runs through the polepiece and 
tlic springs back to the battery. So the pole- 
piece in flying forward breaks the flow of 
current, the magnet ceases to attract it, and 
the spring makes it fly back. But as soon as it 
teaches its first position, the polepiece touches 
the contact, ffie current flows again, the 
magnet attracts the iron and the whole thing 
happens again. The bell therefore keeps tinging as long as the 
current flows. The number of strokes per second depends on the 
distance between the polepiece and magnet and the strength of the 
spring. Electric horns and biizzers (Fig. 241, p. 405) work in the 
same kind of way. 

If there is no bell but only the polepiece, spring, magnet and 
contact we have an interrupter used for turning a continuous 
current into one which is broken anything from ten to a thousand 
times a second. We shall see that the induction coil uses an 
interrupter of this sort. 



Fig. 185, — The 
electric belJ. 


INDUCTION 

When a wire is moved either towards or away from another 
wire carrying a current the first wire has a current “induced” in it. 
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The teason for this is not susceptible of any simple explanation. 
Roughly, we may say that when an electron moves along a wire it 
makes a magnetic field of force round the wire. If this force is 

altered in the neigh- 
bourhood of a 
second wire a cur- 
rent will flow in it. 
The very simple 
rule is that if a 
current is flowing 
ill a wire (A), and 
a second wire (B) is 
brought up towards 
A, then a current 
will flow in B in 
the opposite direc- 
tion to that of the 
current in A (Fig. 186, II). Conversely, if the circuit B is drawn 
away from the current-carrying wire A, the current in B will 
flow in the same direction as that of the current in A (Fig. 186, 1 ). 

A further point: suppose we have two circuits A and B as 
before, and start a current in A. This is just as if we had brought 
circuit B up to A from an infinite distance where it could not feel 
any effect from the current in A. Consequently, the starting of a 
current in A causes a current in B in the opposite direction to the 
current in A, and stopping a current in A causes a current in B 
in the same direction. You might think this was a way of getting 
a current for nothing, but the necessary energy is supplied by 
the first current. 

We see then that if we have two parallel wires and a current is 
started in one, a current is caused to flow in the opposite direction 
along the other. This principle is used in the induction coil and 
used to turn low voltage currents into high voltage ones, and also 
in transformers, chiefly used for turning high voltage alternating 
current into low voltage current. 

The induction coil has a central primary coil of a few turns of 
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Fig. 186. — Showing the direction of the current 
induced in loop B when it is (left) drawn away 
from (right) brought up to a loop A carrying a 
clockwise current. 
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thick wke, usually wound as an iton cote, and outside this, but not 
connected to it, the secondary winding of up to a hundred miles of 
fine well-insulated wire, A current passes through an interrupter 
— the simplest kind is really an electric bell without any bell, the 
primary coil acting as the magnet. This stops and starts the 
current through the primary coil several hundred times a second. 

Each time the current is started it induces a current in each of 
the thousands of turns of the secondary winding and in each of 
these turns the induced current has a certain small voltage or 
pressure. All these pressures add up, so that a very great voltage 
is reached. A hundred thousand volts can easily be attained. 

The iron core of the primary coil has a great effect. The coil 
acts like a magnet and so turns 
the iron into a magnet. This SccondnyGnony turns thin 
means that it brings into the 
right position all the little 
atomic circuits of the iton for 
inducing a current, so that not C 
only the currents in the coil but 
also those in the iron induce 
currents in the secondary 
winding. 

When the current is broken (f<?w Turns thick «/«e) 

the circuits in the iron jump back ‘ of induction coil. 

- . . / 1 • 4 • 1 ^ne secondary 'winding may con- 

out of position (which is the tain miles of wire. 

same thing as switching them 

off, for it is a paralkl current which causes another to be induced). 
The stopping of these currents, then, induces a current in the 
opposite Erection in the secondary winding. The current from an 
induction coil therefore reverses itself hundreds of times a 
second. Specially pure soft iron is required for the cores of 
induction coils and transformers. Impure iron does not lose all 
its magnetism when the magnetising field is cut off. 

Induction coils are used chiefly for operating X-ray tubes and 
for the sparking plugs of cars. The first needs very high voltages 
indeed, so it is usual to start witli a ftirly high primary current. 
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The “ekctric bell” make-and-bteak is not much used for these, as 
sparking is serious when fairly high voltages are put through the 
primary; so, instead, a mercury interrupter is used. This is a 
little centrihigal pump which throws a jet of mercury. Each 
time the rotor turns, the mercury hits a contact and passes the 
current. The apparatus is usually filled with coal gas so that 
sparking cannot cause the mercury to be oxidised and 
dirty. 

Most of the current supplied from generating stations is 
alternating: that is to say it reverses its direction, say, fifty times a 
second. This if supplied to an induction coil would need no 
interrupter. 

Transformers are used to convert the very high voltage 
currents, which (p. 288) are the most economical to transmit, to 
the ordinary voltages which alone are safe enough for use. Thus 
a current ot i ampere at 130,000 volts could be turned into a 
current of 630 amperes at 200 volts. Transformers are really large 
induction coils, liie current, it the voltage is to be lowered, is put 
through the secondary winding and taken oft through the primary 
coil. No interrupter is needed, as alternating current reverses itself 
fifty times or so a second. The iron cores have to be very carefully 
built up of insulated layers, for currents are easily induced in the 
solid iron and flow round and round in it heating it up and wasting 
energy , A. transformer cannot transform direct current: a serious 
disadvantage which is the thief reason for the wide use of 
alternating current. 

The Tesla coil works on a principle somewhat similar to that 
of the induction coil but more complicated. It produces currents 
which reverse their direction not a few hundred times a second 
but a hundred thousand or more times. These have great value 
for medical purposes, because currents of this enormous fre- 
quency, though they may have a potential of hundreds of 
thousands of volts, do not affect the nerves. Their effect on the 
body is only to heat it as any other conductor is heated by a 
current. All the ordinary ways of heating the body are ra^er 
ineffective. They heat only the surface and the efficient temperature 
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legolation of the body keeps the intedor at a steady tempeiatiue. 

The method of Diathermy consists in passing enormously hi^ 
frequency currents alternating a million or so times a second 
through the body. A low voltage current cannot penetrate the 
body, the resistance of which is several thousand ohms. A high 
voltage direct or ordinary alternating current is &tal, but a current 
reversing itself a million times a second penetrates the body, is 
harmless and merely sets the molecules of the tissues vibrating, 
and this vibration is, of course, heat. The value of this heat is 
chiefly to destroy certain bacteria which are. very sensitive 
to it. 

If the electrodes applied to the body are two large pads, only a 
more or less gentle warmth is felt in the tissues between them. If, 
however, one electrode is a point or knife-edge, the heat is 
concentrated where it touches the body. The diathermy knife is a 
loop of wire, connected to one pole of the high frequency 
apparatus, the other pole being connected to a large moist pad 
pressed against the body. The “knife” cuts the tissues by burning 
them locally. This has the advantage that the tiny veins and 
capillaries are sealed by the heat and that the operation is blood- 
less. 

Very short “wireless” waves can penetrate the body and heat it 
up, rather like the diathermy current. These are now being 
developed for medical purposes. 


MAGNETS AND CURKENTS 

Given then that a wire carrying a current of electricity can 
induce a current in another wire which is being brought up to it 
or taken away from it, we can easily see that a magnet will cause a 
current in a loop of wire which is moved across its pole. A 
magnet, we said, was a collection of tiny circuits at right angles 
to its length, and all moving the same way. (Fig. 173.) This is 
equivalent in effect to a single dreuit round the outside of a 
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tnagaet: tlus is ptoved by the fact that a spiral of wire carrying a 
current behaves precisely like a magnet. 

Suppose now a wire loop is drawn down past tlie &ce of a 
north magnet pole. As it leaves the top of each tiny circuit a 

current will be induced from B to A 
(the same way as in the top half of 
the circuit). As it approaches the 
bottom of the circuit, a current will be 




Fig. 1 88. — How a magnet- 
pok induces a current in 
a wire drawn past its face. 


induced from B to A (the opposite 
way to the bottom half of the circuit). 
The effect is, then, that a current flows 
in a wire loop drawn across the direc- 
tion of the attraction of a magnet. 
This is an mctremely important 
result, for on it depends 


the principle of all the dyna- 
mos which supply the world's 
electricity. 

The most important application 
of induced currents is in the 
dynamo and the electric motor. 
The principle of these is not very 
hard to grasp, tliough the 
machines in practical use are 
pretty complicated. Suppose we 
have a large permanent magnet M 
and a wire loop ABCD which can 
rotate between its poles. The ends 
of this loop we take to a com- 
mutator C, two half rings on which 
slide brushes Br, Br', which can 
take the current where it is wanted 
Stxppose die loop is turned anri- 
clockwise. The molecular ring 
currents in the magnet pole H 



Fig. 189. — The essential parts of the 
ditect current dynamo. 
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may be cegatded as crossed by the wire loop AB. As 
the wire comes down from the top of each of these, a 
current will be induced from B to A, and as the wire loop 
approaches the bottom of each such circuit, a current will also 
be induced from B to A. It is not difficult to see that for the 
same reasons a current must also flow from D to C, So, while the 
loop is turning, a current flows in the direction DCBA. When 
the loop has got round to die vertical position there wiU be no 
current flowing for it will not be moving parallel to the magnetic 
circuits, but when the loop begins to cross the poles again 
current will again flow in the direction DCBA. The half of 
the loop which is passing the north pole always has current 
in it in the BA direction, and always hands it to the brush Br: 
it is easy to see then that a current will go through the lamp 
always in the direction indicated as DCBA. The current will 
not be continuous but will come in pulses, being greatest when 
the loop is horiaontal and least when it is vertical. In the 
ordinary dynamo the current is continuous because there are 
many loops and some are always 
passing the magnet. 

Now’ suppose we had no commuta- 
tor but only two slip-rings attached 
to our loop (Fig. 190). Now the brush 
Br' always takes the current from the 
same side {x) of the loop so that 
when X is moving downwards past 
the north pole it receives a current 
-> 

in the direction BA, but when it is 
rising past the south pole a current in 

the direction AB. So this dynamo 
would give an alternating current 
which reverses its direction twice for 
every turn the loop makes. 

If a current is passed through a P*®*. * 5 ®* f essential parts 
, . .11 1 of the altematuig current 

direct dynamo, tt will work as a motor. dynamo. 
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Suppose instead of the lamp in Fig. 
189 we put a battety and that the 
electrons are flowing in the direction 
ABCD. Now the wire AB has a field 
of force (p. 318) which would repel 
the N magnetic pole downward. Since 
the N pole of the magnet is held still, 
it is the wire that is repelled upward 
and the loop swings round in a 
clockwise direction. 

Let us see now how these very 
simple d3mamos and motors ate 
elaborated into practicable machines. 

Having seen that a loop of wire in a 
magnetic field can be made to turn 
electrical energy into mechanical 
energy and vice versa, the next thing 
is to put this into practice. To begin with, the permanent magnet 
we have drawn in our simple pictures will not produce a very 
strong field. We can improve on 
this with an electro -magnet (p. 3 19), 
the field of which we can control. 

Then we might have more than one 
magnet and use four or six or more 
poles. There is not much point in 
having a powerful machine just to 
push round a single loop of wire, so 
we use a large number of loops wound on an iron core. This 
core serves to concentrate the field and so add to the power of the 
motor or dynamo. Direct current machines will be described first, 
because here motors and generators are almost identical. 

The armature, as the moving part is called, is a cylinder of 
iron with longitudinal slots in which the wire loops lie. The wire 
loops are connected to the segments of the commutator, there 
being a large number of these segments instead of two as in our 
simple machine. The winding of the armature may take many 


ft- 



Fig. 192. — Elcctto magnct with 
(left) two poles (right) eight 
poles as used in motors and 
generators. 
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fotms. A simple case of 
what is called kp winding 
will be described. 

Fig. 193 is a diagram- 
matic view of an armature, 
the commutator divided 
into segments being on the 
left. Ifwefollowthe circuit 
from segment No. i we find the current can flow round the arma- 
ture I, I, I, I and then to segment 2, then round loop 2, 2, 2, 2, 
and so on. Thus, if the armature is rotated between the poles 
of a magnet, an e.m.f. or electrical pressure is generated in each 
loop and these e.m.f.’s add up to make a krge total e.m.f. 
Conversely, if an e.m.f. is applied to the brushes, it will send 
a current through all the loops in series and each will add its 
contribution to the turning force of the machine now acting as 
a motor. Notice that there are two separate paths for the current. 
It might pass from segment No. i round the kst loop and so on. 
A little consideration will show that these circuits work together. 
In the diagram only one loop for each segment is shown. In 
practice, the wire might be wound round several times in the 
same slot before passing to the next segment. 

What has been described is only one of a large number of ways 
of winding an armature, but they all agree in taking the current 
a number of times round the core. 

The field magnets are so shaped that they produce as strong 
a field as possible through the armature. In small machines the 
“horse-shoe” type is used, wound with field coils round the legs. 
In large and multipolar machines the armature is entirely sur- 
rounded by a casting with the magnets fixed inside. Each magnet 
consists of a cast-steel core, the end enkrged where it faces the 
armature and woimd with the wire carrying the magnetising 
current (Fig. 192). 

The method of applying the current to the field magnets 
depends on the use to which the machine is to be put. 

In a generator we might use a separate current supply to excite 



Fig. 193. — ^Diagram of an armatuj:e. 
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the field. This is usually the case 
for A.C. generators, bht is not 
necessary for D.C. machines. 
Here we can connect the field 
magnet either in series with the 
armature, as in Fig. 194 B, or else 
in a shunt, Fig. 194 C. Series 
motors exert a very large pull on 
starting and so are useful for 
traction purposes. On the other 

hand, they must not tun with a 

— small load or they would acquire 
an excessive speed. Shunt motors 
Fig. 194.— (A) s^tate (B) series are better suited for conditions 
winding. where the load IS variable, as they 

runmore or less at aconstant speed. 
The properties of steadiness and ability to take a heavy load 
are well combined in the compound motor (Fig. 194, D), in 
which there are some series and some shunt turns on the magnets. 
Dynamos are usually compound wound, as it is possible by 
compounding to supply a constant voltage mider varying demand 
for current. 

It may be asked, “Can a generator excite its own field magnets?” 
The answer is, “Under certain conditions, yes.” There is always 
a certain amount of residual magnetism in the iron cores of the 
field magnets when the machine is stopped. When the machine 
starts, its armature runs in this field and so a small current is 
produced. This passes through the field magnet coils and 
increases the field, which in turn reacts on the armatures until 
the full field is produced. This will not happen if the speed is 
too low and other conditions in the machine are not satisfied. 

Alternating current machines offer a greater variety of types, 
but many of them are described in dealing with D.C. machines. 
For instance, the simple commutator motor can, with technical 
modification, be rrm on A.C. Suppose the current at one instant 
be flowing through the loop (Fig. 195) as shown. The top 




Electric Ci^rents 33 ) 

of the loop is a noith pole and the bottom a south (compaie 
p. 318 and Fig. 177). The loop therefote turns in a dockmse 
ditection. Now the current l^ing alternating, it reverses its 
direction after a fraction of a second, but since the current 
through the field magnets also changes its direction the north 
pole becomes a south one and vice versa, and both the armature 
and the field magnets reverse their polarity. The result is that the 
force is still in the same direction and the armature goes on 
turning. 

The simple A.C. generator with collecting rings can also be 



Fig. 195. — lllusttating the principles of A.C, motors. 


used as a motor if supplied with A.C. of the proper frequency 
and run at the proper speed. Current is passing round the loop 
(Fig. 195) to give it poles as shown. The loop turns clock- 
wise until its north pole faces the south pole of the magnet. 
If, at this moment, the direction of the current in the loop is 
reversed (the field magnets remaining the same) there will be 
two south and two north poles together; they repel each other 
and so continue the rotation of the loop. For such a motor as 
this to work, the current applied to the magnets must reverse 
itself just as the coil is pulled to face the poles, that is, it must 
have the same frequency as the coil. Synchronous motors built on 
this principle require auxiliary starting motors to get them in 
step with the current. The electric clocks run off the alternating 
current mains depend on this principle. Their synchronous 
motors can only work in exact time with the pulses of the alter- 
nating current and these on the grid system are accurately timed. 
Consequently the clocks must keep exact time with tiie master 
clock at the generating station which regulates tiie dynamos and 
is constant within z secs, per day. 
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A vety important type of A.C. motor is the induction motor. 
To understand the working of this, we must understand the 
nature of the current that drives it. Suppose we have a generator 
in which we have on the armature a number — say, for example, 
three separate circuits wound in planes 6o° apart, as in Fig. 196, 
and each provided with its own collecting rings. Then as the 
armamre turns there will be generated three different alternating 
currents which on the average are equal, but each is a third of 
a revolution period after the next, i.e., they successively acquire 
their madmum or minimum strength at intervals of one-^rd 
period. These three currents are sent out on three wires as a 

three- (or in general a poly-) phase 
current. Now, consider a motor 
with a number of field magnets — 
any multiple of three as in Fig. 196. 



A 



Fig. 196. — Illustrating the 
induction motor. 


The poles i, i, i, i are wound with 
circuit I and soon. At the beginning, 
pole A is a north poleatits maximum 
strength. The current in A decreases 
with time and so its pole strength 
decreases, while that in B is in- 
creasing. After one-third period, B 


is a north pole of maximum strength 
and then C and so on. Thus the north poles, and in the same way 
tile south poles, pass on from magnet to magnet, and in effect we 
have a rotating magnetic field. Now consider the armature (Fig. 
197) and see the advantage of this type of motor. The armature is 
self-contained, having no commutator and requiring no external 
circuit at all. It consists simply of a number of conducting bars 
joined at the end to conducting discs and having an iron core to 


concentrate the magnetic field. This is known as a squirrel cage 
armature. The action is quite simple. The rotating magnetic field 
induces currents in the bars of the cage and tiie action of the field 
on these currents is to produce a force pushing the cage round so 
as to follow the field. The armature cannot rotate as fast as the 


field or else no currents would be induced and no force would 
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be exerted. There is always a certain 
amount of sHp between the armature 
and the field. 

The uses of the electric motor are 
„ . manifold. It is only limited by the 

need foi . supply Of cumm which 

rules it out for all kinds of 
locomotion where an electrified track cannot be laid down 
and for use in places where there is no electric supply — 
as in mining in remote places. For the test it is steadily replacing 
all other kinds of power. It is ideal for small jobs; no other engine 
works satisfactorily in units of less than i h.p.: hence it is ideal 
for vacuum cleaners, refrigerators and the like. Its current is 
cheaply carried by a cable — accordingly, factories, instead of 
having a central engine and expensive and heavy shafting and 
belting, tend more and more to run their machines each from a 
separate electric motor. It is alone among engines in producing 
very little heat, no smell and not much noise. For high speed 
work it is unrivalled save by the turbine, which we have seen 
is not suitable for small installations. For low speed work, e.g., 
for driving rolling mills, the electric motor used to be of little 
use, but gearing is now so perfect that it is easy to reduce its 
speed — and so increase the force exerted, to any desired extent. 

The electric motor is very efficient and may deliver 95 % of 
the energy supplied to it as useful work. This electrical energy 
is made at a large efficient generating station which may turn 
50% of the energy of coal into work, though z; % is a commoner 
figure. Accordingly, it is more economical to turn coal into work 
via electricity than to bum it in small steam-engines which rarely 
or never reach zo% efficiency. , 

The fact that currents can be induced by moving a conductor 
of electricity in a nugnetic field is the principle of the induction 
furnace much used for making the finest steel. On p. 556 you 
saw that it is possible to get a rotating magnetic field. Imagine, 
then, an armature like die one on p. 156 (Fig. 196, bdow) lying 
flat on its side and a cmcible of steel standing within it. The 
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magaedc field moving tound in the steel produces just the same 
effect as the steel moving in a magnetic field and consequently 
currents are induced in the steel. These heat it up and melt it; 
and since the currents in the steel are in a magnetic field, the steel 
moves just like the armature of a dynamo, so the induction 
furnace actually melts the steel and stirs it — a very valuable 
property. The most remarkable thing about the induction furnace 
is that it is coldi The rotating magnetic field will only heat 
something which conducts, e.g., iron or other metal. The story 
is told — have it only on hearsay — of an engineer who put his 
head inside an empty induction furnace and dropped dead for 
no apparent reason. An autopsy showed that as the residt of a 
war wound he had a splinter of steel harmlessly embedded in an 
inessential part of his brain. The magnetic field heated this red 
hot in a few seconds with fatal results. 



CHAPTER XI 


Power and Locomotion 

TYPES OF engine 

W E have seen that there are four important classes of 
engine: the water turbine, the steam engine, the internal 
combustion engine and the electric motor. We can divide 
these up further and say that there are six great types of 
engine: 

The water-turbine. 

The steam-turbine. 

The reciprocating steam engine. 

The internal combustion engine with electrical ignition. 
The compression-ignition internal combustion engine. 
The electric motor. 

Apart from locomotion these are chiefly useful for the following 
jobs: 

Water-turbines Generating electricity. 

Steam-turbines Generating electricity. 

Driving large pumps, etc. 

Reciprocating engines Small generating plants. Pumping 

engines. Driving shafting for fac- 
tories of all types. Portable engines 
for threshing machines, saw mills, 
etc. Winding engines for collieries. 
Internal combustion Large gas engines are much used for 

engine, with electrical blowing engines, for blast furnaces, 

ignition for rolling mills, saw mills and 

various factory jobs. 

J$9 
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G)mptession-ignition Qiiefljr used for generating electricity 

engines and heavy pumping work. 

Electric motors Almost all the above purposes but 

particularly adapted to Idgh-speed 
work. 

It is interesting to consider the way that these engines can be 
applied to perhaps the most important of jobs, locomotion — e.g., 
driving ships, trains, buses, aeroplanes, etc. 

The water turbine is obviously impossible for locomotion, 
because a water supply is not a thing one can carry about. The 
turbine can be used to make electricity and drive a motor, but 
that is hardly what we are considering here. The five other types 
of engine are all used in water, road, rail or air transport. 

WATER TRANSPORT 

What sort of engine does a ship need? A large sliip obviously 
needs a very powerful engine, but all types can be made powerful 
enough if we choose. 

There is no particular advantage in having a light weight 
engine in a ship, so, except for auxiliaries and racing yachts, we 
rule out the petrol engine, which is very powerful in proportion 
to its weight but bums an expensive fuel. The gas engine 
for obvious reasons is not employed. Electricity, too, cannot be 
the ship’s source of power. It is possible to make electricity by 
an oil engine or steam engine coupled to a dynamo in the ship 
and drive the ship’s screw by electric motors, but this is not 
much more than a smooth way of gearing the screws to the 
steam or oil engine. 

We are left, then, with the reciprocating steam engine, the 
steam turbine and riie compression-ignition or Diesel engine. 
All three of these can be built in big units which can give the 
great power required, up to 100,000 h.p. or more; and all these 
ate greatly used, which clearly shows that each of the three has 
some merit for some purpose. 

The cargo steamer wants a very economical engine. It does not 
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need great speed, but it wants a reliable engine which can be 
easily run by a ship’s engineer and which will stand up to the 
heavy strains imposed on it in a s mall ship. Vibration is not a 
very important fector. Cargo steamers are not commonly of 





fOEIDdDDildl 



dddfidBddddddid^ 




542 TAe World of Scienet 

weight as is a locomotive engine; consequently trouble is taken 
to use the steam as fuUy as possible, so ensuring economical 
working. The boiler is usually of the water-tube type. In order 
to take as much of the heat as possible from the furnace, the 
water is mainly contained in narrow tubes (Fig. 198). These 
have a very large surface and it is thiis possible to supply heat 



Fig. 199. — ^Thc arrangement of the parts of a marine engine. Steam 
generated in the boiler (Fig. 198) expands by stages in the high pressure* 
intermediate pressure and the two low-pressure cylinders. Its pressure is 
then much less than atmospheric. The condenser coois the steam till it 
becomes water. Air must be removed from the condenser so that the pressure 
shall remain low. The condensed water is returned to the boiler. 


rapidly and obtain much steam from a boiler which is not too 
large and heavy. The steam passes through a superheater, which 
raises its temperature so that it will not condense on leaving the 
boiler. It may leave the boiler at some 500 lbs. pressure and a 
temperature of about 400® C. — hotter than melting lead. The 
steam successively operates the pistons of three cylinders or even 
four (p. 265). In this way it can expand enormously. It then 
passes to a condenser. Here it condenses to water, which is 


Paaw and ILmmoHon 345 

tetutned to the boiler, llie marine engine operates under first- 
rate conditions. There is comparatively ample space for the 
most economical designs to be used: moreover, the propeller 
runs at a steady speed. 

The engines of a liner present other problems dian those to 
be solved by the designer of the cargo-boat’s engines. The 
expense of running a ship rises enormously with its speed: the 
resistance of the ship increases as (almost) the cube of the speed. 
Consequently twenty-seven times as much power is needed 
to propel a boat at thirty knots as is needed to propel it at ten 
knots. The cargo boat will, of course, carry neuly twice the 
cargo in a year if it travels at twice the speed: this probably will 
not pay if it has to use eight times as much tuel. The paying 
speed for such boats is 10-15 Itnots. Liners must get people 
quickly to their destination: they vie with each Qther to be the 
fastest boat. They run less economically than the cargo boat 
and have a speed of up to 30 knots or even more. Their engines 
have to be large and have to work without discomfort to the 
passengers. Consequently a smooth-running type of engine is 
chosen for liners; on this account designers dhoose the steam 
turbine, which even at high speed will not vibrate enough to 
make its casing quiver. The vibration felt in a liner chiefly arises 
from the propeller. The turbine, too, is more efficient than the 
reciprocating engine in units of over 1000 h.p.; the largest 
liners have engines of 200,000 h.p. Occasionally both types 
of engine are used. The liner Olympic employed reciprocating 
engines for two of her propellers and conducted the exhaust steam 
from both into a turbine which drove the central one. This is 
an economical arrangement, for the turbine is particularly well 
able to get the last bit of energy from low-pressure steam, while 
the reciprocating engines have the convenience of being easily 
reversed. 

The batdeship presents a third problem. If it is to survive 
and destroy, it must have greater speed than its adversary. Its 
weight is enormous: comfort is of no importance. A destroyer 
is a good example of such a ship. Though its displacement may 
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be only 1330 tons, its engines may develop 44,000 h.p., and can 
drive it through the water at 38 knots. Here, again, the torbine 
is usually chosen, for it is best adapted to developing great power 
in a small space. 

The use of oil-engines for craft of every description from 
yachts to liners is steadily increasing. They have several great 
advantages. An oil-engine weighs about a third as much as a 
steam-engine of the same power. It only takes up two-thirds of 
the space and its fuel takes up less than half die room. 

The Bict that Great Britain possesses much coal and no oil 
will for obvious reasons necessitate her vessels being largely run 
by steam, but there is litde doubt that the number of steamships 
will steadily diminish. 



Fig. zoo. — K modern coaster illustrating the small space occupied by the Diesel 
Engine. (Courtesy of James Pollock Sons & Co., Ltd.) 


The chief type of engine used is the Diesel (pp. one; 

type is illustrated (Fig. 13 a). Its remarkable compactness is very 
well shown in Fig. 200, which shows the very stnall space taken 
up in a coaster by its Diesel engine. 


LAND TRANSPORT 

As soon as we come on land, we find the question of weight 
bulking large. It matters least in tail vehicles, for the friction 
of rails is very small. An engine which can pull 10 tons on a 
level road can poll 40 tons on tails. 

It is interesting to see how the stationary steam engine 
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has to be modified to adapt it for use in a locomotive. A loco- 
motive has to be reasonably compact. Its width cannot exceed 
that which will allow it comfortably to cleat another such engine 
on the next line. Its height is limited by the bridges it must go 
under and its length by the sharpness of the curves it must 
traverse. Limited in size, it must produce from looo to }ooo h.p., 
and must operate with fair economy. Great economy is incom- 
patible with limited size and weight. Thus the increase in 
efficiency gained by using a condenser (p. 265) and, at most, more 
than two stages of compound expansion is hardly possible in a 
locomotive. 

The essential parts of the steam-engine are the furnace, boiler, 
cylinders and pistons, and drive to wheels. 

The furnace of a locomotive must be small, but it must supply 
great quantities of heat and so burn coal very rapidly. The rate 
of burning depends very largely on the draught, j.e.,the air supply. 
The air supply is drawn into an ordinary furnace by the colunui 
of hot air rising up the chimney stack. The locomotive can have 
no stack worth speaking of, consequently it must make its own 
draught. The steam as it issues from the cylinder is led into the 
base of the smoke-stack: as it rushes upward from the exhaust 
pipe E it carries with it the flue gases and so causes a powerful 
inrush of air through the firebox. This air enters at the front of 
the engine, travels through the hot-air space (Fig 201) above the 
boiler tubes and so returns some of the waste heat from the 
furnace-casing to the furnace. The most modern locomotives 
employ a water tube boiler similar to those used in marine 
engines. Figs. 201, 203 show the arrangement of these tubes. 
The steam pressure is usually 200-250 lbs. per square inch. As we 
saw on p. 262, the higher the steam-pressure the greater the 
economy of working. The disastrous effects of boiler explosions 
in railway accidents have discouraged designers from using 
very high pressures, but a locomotive using 850 lbs. per square 
inch pressure has been tried out and foimd very efficient. The 
steam is usually superheated by leading it through strong pipes 
heated in the far end of the furnace; thence it goes to the pistons 
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and cylinders, which work in ^ust 
the same way as those of the 
engine described on p. 264. A 
locomotive requires no gears: it 
changes its pulling power by 
altering the cut-off. When an 
engine is pulling a heavy train 
up a grade it keeps the inlet valve 
open during a large part of the 
piston's travel. The piston is thus 
exposed to the full boiler pressure 
for most of its stroke. When 
travelling at speed on the level or 
down grade, the cut-off is arranged 
so that the inlet valve closes early 
and the expansion of the steam 
operates the piston for most of 
the stroke: this, of course, de- 
creases the quantity of steam 
used and therefore of coal burnt. 

The use of two or three cylin- 
ders — compound expansion — is 
sometimes adopted. It makes for 
economy, but since the low pres- 
sure cylinders have to be very 
large, it adds to the weight and 
bulk of the engine. It is also less 
suitable for locomotives which 
run at uneven speeds than for the 
steadily running marine engine. 
The pistons by the connecting rod 
and parallel rod finally turn the 
great driving wheels, a process 
which, since it can be watched 
in any locomotive, need not be 
described here. 
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Fig. 202. — How the pistons opctate the driving wheels of a locomotive. 


The most efficient steam engine is the turbine, and consequently 
many attempts have been made to use it for driving a locomotive. 
The obvious difficulties are ffie very varying speed of the loco- 
motive, the fact that a turbine cannot be reversed and the need 
to reduce its very high speed of thousands of revolutions per 
minute to the 300 r.p.m. which is the highest pace of the great 
6ft. 6in. driving wheels. 

Turbine locomotives have been used in Sweden for some 
years; the first British turbine locomotive is the recently con- 
structed L.M.S. engine “Turbomotive”. The boiler generates 
steam at 250 lbs. per sq. inch which is superheated to 750® F. 

There are two turbines, a forward and a reverse, housed in the 
position occupied by the cylinders in the orthodox locomotive. 
Six separate nozzles supply steam to the forward turbine, thus 
allowing tlie speed to be controlled. The exhaust steam is not 
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Fig. 203. — ^Detail of locomotive shown in Fig. 201, 202. 
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condensed as in the stationary turbine, but escapes via the smoke- 
stack. The turbines drive the wheels by double helical gears 
like those in Plate IX (see p. 192). The advantages of such 
a locomotive are the smooth and steady pull, which, as explained 
on page 3 50, is one of the main features of the electric locomotive, 
the absence of vibration, which further causes a smaller repair 
cost and a saving of coal, due to increased efficiency, of some 
15%. Since there is no condenser, the efficiency is much less 
than that of a stationary turbine, but it is considerably greater 
than that of the non-condensing reciprocating .engine of an 
orthodox locomotive. 

The railways of the world, with few exceptions — of which the 
Austrian railways are perhaps the chief — are now run by steam, 
though it is very doubtful if this will be true in twenty-five years 
time. Locomotive design has been perfected over a himdred years, 
and the modern railway engine is a marvel of complexity. 
But judged by results, it leaves much to be desired. Of the heat 
produced by burning j:he coal, not one-twelfth — and often not 
one-twentieth — ^is used in pulling the train. The rest disappears 
in heat losses from the boiler, in hot Hue gases from the funnel, 
in uncnndensed steam, and above all in moving a vast engine 
and tender which may weigh 270 tons. This defect of having to 
haul zoo tons of engine and tender in order to pull 500 tons of 
train, with perhaps only fifteen tons of people in it, is, from the 
engineering point of view, absurd. Apart from this, we have 
already seen that high efficiency in a steam-engine can only be 
gained by using several stages of compound expansion (p. 265), 
an efficient condenser, and various devices designed to rob tlte 
issuing gases of as much heat as possible. These devices cannot, 
for various reasons, chiefly those of bulk and weight, be employed 
on locomotives, which tlierefore, though much improved of late 
years, remain, as engines, inefficient. 

Well, then, why not scrap the steam locomotives or why not 
electrify the lines? Two difficulties stand in the way. First, 
these systems have not been tried out sufficiently for a com- 
pany to stake millions on them; secondly the cost of scrapping 
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steam and replacing it would have to be met by borrowing money. 
The interest on this would probably eat up all the profit that the 
economy of the change would bring. None the less, the German 
and American railways are beginning to replace steam by oil, 
and even in England electrification is spreading. 

The electric railway is, of course, already a fact. Numerous 
lines arc electrifying their suburban areas and some are going 
further afield. The degree of advantage of electricity over steam 
depends, of course, on what the electricity costs. But, generally 
speaking, the railway can use cheap slack coal in a power station 
while it needs good coal for its engine. 

A generating station will turn some 50% of the heat of its 
coal into electricity. Of this, perhaps, 10% is lost in distributing 
it along the power lines. The electric locomotive turns 95% 
of its electricity into power, so that at least 25 % of the heat of 
the coal is actually used. 

The steam locomotive uses some 7% of the heat of its coal. 
The economy of two-thirds of the railway’s coal is enough to 
save heavily on the cost of the power stations, etc. 

There are several other advantages in the electric railway. 
The first is rapid acceleration and braking. A steam train 
increases its speed at about half a mile an hour per second: an 
electric train at one to one and a half miles an hour per second. 
This causes a huge saving in suburban trains which stop every 
nule or so. The reason of this is not a greater power, but a steady 
pull. The steam engine pulls much more strongly when the 
piston is at the beginning of the stroke than when it is at the 
end, so that it really drives in a series of jerks. Moreover,, if 
any locomotive pulls harder than a certain figure, its wheels will 
slip round and round on the rails while the train stays still. The 
“jerks,” when the pull is strongest, consequently start it slipping 

The electric locomotive can keep up a steady pull just less than 
the pull which will cause wheel-slip: it also drives on a larger 
number of wheels; each of these has therefore less pull on it 
and is less prone to slip. Another advantage is its lightness. 
The difference in weight between a locomotive and the driving 
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unit of an electric train is enormous. 

The electric train goes forward or backward with equal ease. 
It comes into a terminus platform, discharges its passengers, 
picks up a new lot and departs. The steam train deposits its load, 
then has to go out of the station and have its locomotive trans- 
ferred to the other end, before it can move out again. A station 
can therefore handle just twice as many electric trains as steam 
trains. 

Two more considerable advantages of the electric train are, 
first, that it wastes nothing when it is standing still. A steam 
locomotive burns coal when it is standing about doing nothing. 
Finally, but not least, the electric train makes no smoke or smell. 
Some of our London stations, begrimed with smoke, contrast 
ill with others which are largely used by electric trains and remain 
clean and bright. If any reader remembers the Crystal Palace 
tunnel before the line was largely electrified, he will appredate 
the point; if he contrasts its present state with a tube railway 
tunnel, the point will be further emphasised. 



Fig. 20|. — A Dicscl-FJectric locomotive. The shaded area indicates the Diesel 
engine and },^eneratof. The motors drive on the axles. 

The locomotive which many believe to be the coming one is 
the Diesel-electric, wliich has an oil-engine driving a dynamo 
and producing a current which drives electric motors geared to 
the wheels. The obvious advantages are the smooth running 
and the rapid acceleration of the electric locomotive without the 
expense of the spedal track with contact rails. A Diesel engine 
will turn more than 50% of the heat of the oil it burns into 
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electricity, so that the total efficiency is as high as 25% or even 
more. Crude oil is burned: the cost of this varies greatly, so that 
it is not easy to compare its cost with coal. Actually, the fuel 
for a Diesel-electric locomotive costs only about one-third of 
that of the coal for a steam locomotive; it must be remem- 
bered, however, that the fuel is not the heaviest cost of a loco- 
motive journey. The wages of driver, fireman, guard, ticket 
collectors, maintenance of permanent way, advertising, etc., add 
up to far mote than the cost of the coal. None the less, other 
things being equal, the Diesel-electric will beat the steam loco- 
motive for speed, lightness, economy and cleanliness. Moreover, 
the severe labour of the fireman shovelling coal under most 
exhausting conditions disappears altogether. 

Rail transport is obviously adapted for heavy loads, long 
distances and high speeds, or some of these. The mere fiict of the 
friction of wheels on rails being about a quarter of that of wheels 
on a good road gives the former a great initial advantage over 
road transport. Any vehicle intended for road transport must 
be able to stop and start rapidly, easily and economically, particu- 
larly in towns: weight also matters a good deal more than with 
rail transport, for at present road surfaces and bridges are not 
adapted for weights like those of a railway engine. First of all, 
consider the light passenger vehicle. The petrol-engine takes 
first place on the road chiefly because it is light for its power and 
because it is so very easily controlled. For private cars, no other 
form of transport is of any importance. Steam is not simple 
enough: there are stiU one or two steam cars on the market, but 
their fatal defect is that they require a minute or two to get up 
steam on starting; while the petrol engine starts instantly — ^if it 
is working properly. Electricity involves carrying very heavy 
batteries, and if the weight of these is to be reasonable, the power 
available is but small. The oil-engine of the Diesel type is as 
yet not very suitable for low powers. Units of 6o-£)o h.p. are 
made, but the horse-power tax prevents their use. 

The motor cat presents several problems which do not arise 
in the locomotive. Its engine works efficiently only at a fairly 
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Section showin}^ {d) streamline flow, (h) Turbulent flow past an .icroplanc winir. 
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Water- waves, as seen in the tidal wave or ca^rc in the Trent. 
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high rate of revolution. It is necessary, therefore, to have gears 
to allow of slow running. These gears have already been dis- 
cussed (p. 194). Moreover, once stopped, the engine is not easily 
started — unlike the steam engine or electric motor. It is neces- 
sary, therefore, to have a clutch by which the engine can be dis- 
engaged from the driving wheels. Finally, motor cars turn 
sharply (as Ir-omotives do not). It is necessary then that the 
back wheels shov’d be able to rotate at different speeds, for on 
a sharp turn the inside wheel may well be going at half the pace 
of the outer one. If ♦hey were on a single solid axle, they would 
have to turn at the same speed, and one or both would have to 
slip on the road surface, so rapidly destroying the tyres. The 
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Fir,. 205. — The transmission of an automobile, 

differential is an anangement which drives both back wheels 
ofF the single shaft, yet lets them move independently. The 
differential is much less easy to comprehend in a picture than on 
the car itself, but it is possible to get an idea of its working from 
Fig. 206, which shows a simple diagraui of a differential. Tlic 
shaft G from the gear box turns the differential case A, A, to 
which it is geared. The stub axle S thus turns at right angles 
to the plane of the paper. On it are two bevel gears E, E free 
to rotate. Clearly these move with the stub axle and drive the 
side bevels C, C, which drive the wheels. Now on a straight 
road the bevels E, E would not rotate on the stub axle and the 
side bevels C, C would move at the same speed, and the wheels 
would also move equally fast. But now let us suppose one wheel 
is slowed or stopped. The side gear C, the left, let us suppose, 
will slow or stop, consequently the bevel gears E, E will roll on 
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NORMAL RUNNIMfi TmSAXLefiHArr THIS AXLE 
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Fig. 206, — The difTercntial gear of a motor-car* looked at from above. 

it (like a pinion on a rack), but they still drive the right side 
bevel (C), which continues to move at twice its former speed, 
the speed of the stub axle plus that of the rolling bevel gear. 
Thus the two wheels are both driven independently and one can 
slow or stop widiout stopping the other. If they both stop E 
must stop too; it cannot roll on both at once, for to do so it 
would have to turn clockwise and anti-clockwise at once. 

When we come to the heavy road traffic — ’buses, trams, lorries, 
etc. — there is a wider choice. There are four main systems in 
use, electric, petrol, heavy oil and steam. The electric system 
is almost certainly the ideal one, but it requires overhead (or 
underground) cables, and these cost about £2,750 a mile to erect. 
The older system was the tram. The current is taken from an 
overhead wire or underground cable. It drives a motor and 
returns via the tails. Trams have tw'o fatal disadvantages. They 
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cannot get out of the way of traffic nor can they get round an 
obstruction. Secondly, a tramway track costs £20,000 a mile to 
lay and a great deal of money to keep in order. Ginsequently, 
almost every big town is replacing its trams by trackless trolley 



’buses, which have two overhead wires for the supply and return of 
the current. These, as stated above, cost about .£2,750 a mile, 
but if the overhead standards were previously used for trams the 
change-over costs only about £800 per mile. The trolley ’bus 
system is cheaper than cither the petrol ’bus or the tram by about 
id. or 2d. in the shilling. They have several other advantages. 
They start smoothly, without the jerks and snatching* of a clutch: 
they produce no poisonous carbon monoxide to pollute the air 
of our streets. Finally, their running cost does not depend on 
the price of petrol, which in fourteen years has fluctuated between 
2s. and IS. 2d. per gallon. They use electricity made from British 
coal, which, though it varies in price, does so slowly. They are 
light, for the motor is small compared with the petrol-motor. 
Fig. 207 shows how little room it occupies. Finally, they are 
regenerative. A petrol ’bus climbs a hill and work is done on it 
in order to raise it. But when it goes down the other side, it is 
thing work and we waste this work by turning it into heat in the 
brake shoes. The electric ’bus, when it goes down hill at more 
than, say, twelve miles an hour, drives its motor, which acts as a 
dynamo and puts electricity back into the power linesl In a hilly 
district this is very valuable. 

Great as are the advantages of the trolley ’bus, its value must 
be limited to ’bus-work. Long distance ’buses and lorries must 
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carry their own source of power. The usual recourse is to the 
petrol-engine. This has great advantages: petrol can be bought 
anywhere and every garage mechanic understands the engine. 
But where heavy loads have to be carried long distances, some- 
thing cheaper is wanted. Fuel oil, even though cheaper than 
petrol, has more power in it. Consequently the heavy oil-engine 
is coming to the fore. The original Diesel type of engine is too 
heavy for lorries, but many firms are now making engines of jo 
to 150 h.p., which, like die Diesel, inject liqttid fuel into hot 
highly compressed air, but which are much lighter. The A. E. C. 
engine illustrated in Plate XII is of this type. 


AIR TRANSPORT 


A craft which is heavier than air and which can yet remain at 
a constant height without falling must have some force acting 
on it to keep it up. If any object is moved rapidly through air, 
a force is felt. Hold a magazine out of the window of a railway 
carriage and you will feel that the air exerts a very decided force 
on the magazine. This force varies roughly as the square of the 
velocity. Thus, it is four times as great at forty miles an hour 
and nine times as great at sixty miles as it is at twenty miles an 
hour. The aeropl^e is lifted by the pressure of the air on an 
oblique plane. 

Suppose you hold the magazine at an angle of ij° to the 

g.*-ound (Fig. 208). The 
air now strikes the bot- 
tom of it and you can 
feel that the air is pushing 
it up as well as back. 

If you were to let go 
of the magazine, it would 
be blown away in the 
direction F. and so we 

Pio. 208. — and dtag on an inclined plane in , , 

an aiMtieam. can say that the pressure 
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and £ciction act on the plane in that ditection. Now that force 
has just the same effect as two smaller forces perpendicular to 
each other, which we call the lift and the drag. 

The wings of an aeroplane are inclined planes like this. The 
engine and propeller move it along and so make the air-stream 
which gives the lift. Just as (p. loi) a turbulent flow of water 
past ships wastes energy, so aeroplanes must avoid wasting their 
energy in making eddies in the air. So, instead of using a flat 
plane, it employs a cambered wing of streamline form. 

The difference between the excess pressure on the bottom of 
the wing (Plate XVII) and the low pressure of the partial vacuum 
on the top is the force which lifts it. The design of the wing has 
been studied very carefully indeed. Plate XVII shows a section 
of a wing of an aeroplane, with the airstream flowing past. 

The aeroplane consists essentially of a fuselage, whidi contains 
the engine, which drives the propeller, and also contains the 
passengers, etc. The wings provide the lifting force. An under- 
carriage and wheels .allow the machine to take off and land. At 
the tail is an elevator plane, which, by being moved up and down, 
can raise or lower the tail and the rudder which, like a ship’s 
rudder, can alter the course to right or left. The elevator plane 
is operated by a stick control and the rudder by a foot-bar. At 
the rear of each wing is a hinged flap or aileron. The ailerons 
are operated independently and so can raise or lower either wing 
independently, causing the machine to tilt sideways. 

The aeroplane can be made to travel “uphill” by inclining its 
tail-elevator (Fig. 209). This makes increased lift, but as more 
work is being done also reduces speed. If the course is made 
too steep, the speed falls and the Uft fells off very rapidly, for 
the lift depends on the pressure of the rapid air stream, which 
varies as the square of the velocity. The aeroplane is thereby 
slowed up and begins to drop. This is called stalling and 
commonly occurs at angles of 15®-! 8®. The slotted wing is very 
effective in preventing stalling. It has the effect of letting air 
through the wing into the turbulent area behind it and so 
decreasing the drag which slows die machine down. 




P(m>er and hoeomtion 


m 

If the angle of the planes to the ground is decreased, a time 
comes when the gravitational pull of the earth will supply the 
power needed to propel the machine. It then “glides” downward, 
as in Fig. 209. 

The pilot who wishes to keep a given course must regulate 
the aeroplane by the throttle and by the elevator plane controlled 
by the “stick.” It is no good setting the elevator upward 
(Fig. 209) if the engine is not supplying enough power to m^e the 
plane climb: for the machine will turn upwards, lose speed and 
“stall.” If he wishes to fly horizontally, he must keep his engine 
at a certain speed; for if he increases its speed, the extra stream 
of air causes more lift and the machine cUmbs. If he decreases 
it, the machine turns its nose downward and glides . An aeroplane 
flying horizontally has practically only one speed, for which the 
angle of the wings, etc., suits it. 

The rudiments of the art of the pilot are to proportion the 
engine’s speed to the elevator lift, and maintain suitable angles 
to the ground. If air was still, this would be easy. Actually it is 
full of changing currents. Suppose you are flying at 75 m.p.h. 
You meet a sudden gust of wind travelling your own way. This 
momentarily decreases your speed relative to the air to 40 miler 
an hour. Consequently your machine begins to lose lift and you 
require increased throttle and elevator to make it climb again. 
The art of flying, then, is anticipating and allowing for the air- 
currents. 

Rising from the ground is not so difficult a matter as landing. 
The principle is merely to speed up the plane along the ground 
or water until the airstream exerts enough lift to take it off the 
ground. Landing is much more difficult. If the pilot approaches 
the ground too steeply, his speed will increase so mudi that the 
shock of meeting it will be dangerous. If he does not approach 
it steeply enough, he will lose speed so that the machine stalls, 
drops vertically (“pancakes”) and crashes. The art of the pilot 
is directed to coming down in a curve which levels out to meet 
the ground gently at a steady and ever decreasing angle. The 
higher grades of the pilot’s art, the manauvres by which he 
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corrects side slips, loops the loop and so on, are quite beyond 
the little sketch of the working of die aeroplane which I have 
tried to give. 

The aeroplane engine is designed to turn a propeller or air- 
screw. This is most commonly mounted ahead of the engine as a 
“tractor.” It usually is of wood and has two blades. The principle 



is just the same as that of the ship’s screw. The inclined surface 
of the blade is pressed on by the air it displaces. This pressure 
can be split up into a force hindering the propeller from turning 
and another force pushing it forward. The first of these forces 
is wasted: the useful force, perhaps, is four-fifths of the total. 
The shape of propellers has, of course, been the subject of a vast 
amount of work and experiment. Fig. a 10 shows the appearance 
of and the shape of sections of a t3q>ical propeller. 

The engine is required to turn the propeller at a speed which 
may be 1000 to 1500 revolutions a minute. This is an efficient 
speed for an internal combustion engine, so no gearing is required, 
the propeller being directly mounted on the engine shaft. 
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The only kinds of engine used in aeroplanes ate the petrol 
engine and the Diesel engine. Steam engines are too heavy. The 
di^rences between an aeroplane engine and a car engine are not 
exceedingly great. The working parts, carburettor, valves, etc., 
are the same in principle, but every effort is made to secure light* 
ness, compactness and reliability. 

The ratio of weight to power is the essential point. A man 
weighs perhaps zoo ibs. per horse-power; a locomotive 100-120 
lbs. per horse-power; a stationary gas engine might weigh 80 lbs. 
per horse-power; while the best aeropl^e engines only weigh 
some I to i.j lbs. per horse-power. 

Many parts which in a car engine arc made of steel or cast iron 
— cylinder heads, etc. — are made of duralumin. The cyiinders are 
of steel instead of cast iron; for steel being much stronger can 
be made much thinner and therefore lighter. Water-cooling adds 
weight; consequently, the smaller machines have air-cooled 
cylinders like motor cycles. These are often arranged radially 
so that they shall each have their supply of cooling air. 

The Diesel engine has now been made light enough for use 
in aeroplanes. It has the advantage of using a cheap fuel and one 
that is not easily set alight. Moreover, it is more reliabie because 
there is no electric ignition which, as every motorist knows, is 
one of the least reliable parts of his engine. 
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WAVES 


CHAPTER XII 
Vibration 

WHAT IS A WAVE? 

E veryone knows that sound, light and “radio” are tvatfes, 
but most of us have no clear idea of what this means beyond 
a notion that tlie results which sound, light or radio produces 
arrive at their destinations as a series of pulses. The word 
“wave” is of course taken from a wave of the sea and the waves 
on the surface of water are the only kind that die ordinary man 
can picture clearly. 

You are standing on the pier on a fairly calm day. Long ridges 
of water are seen to be travelling at a few miles an hour towards 
the shore. All these ridges have roughly the same shape and size 
and speed. 

The eye gets the impression that the water is travelling towards 
the shore, but in actual fact it is not. In the first place, if the 



Fig. X 1 1 . — ^The rope moves only up and down: the waves travel to the left, 
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water was all going inshore, it would pile itself up there into a 
sort of permanent wave, and nothing of die kind is seen. 

More convincingly, watch a floating cork. It lifts on the wave 
and falls on die trough, but the waves do not carry it along; we 
therefore conclude that the waves move inshore, but the water 
merely bobs up and down. If this is diflicult to picture, look at 
Fig. 21 1: a boy is pulling on a rope and pulling the end up and 
down. Waves can easily be seen travelling along the rope, which 
itself only moves up and down. 

A single wave of the sea is, then, a distordon of the shape of 
its surface, a distortion which moves without losing its charac- 
teristic shape and without taking the water with it. 

The drawing in Fig. 212 may give an idea of how a travelling 
wave could be generated by particles 
of water moving straight up and 
down. In Fig. 212 each letter is 
supposed to be travelling up to the 
top, then down to the bottom, 
without shifting to right or left. As 
long as they all move in this same 
way, a wave will be formed travelling 
from right to left. 

If the particles went up and 
down at a steady speed, the wave 
would have the form of a saw 
(Fig. 213, I), but in actual fact 
they always slow up towards the 
end of their travel and the com- 
monest wave form is a sine-curve^ 
which is the form of wave shown in 
Fig. 213, II. 

If the particles move in circles of 
the same size at the same speed, a 

moving wave of the sine -curve Fig. *12.— Each letter travels 

type will result (Fig. 214): water “P dwn « the same 
, \ ° f. . pace: their positions form 

waves are the result of a motion of waves travelling to the left. 
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Fic, 213. — I, waves engendeied by patticles moving up and down at a 
steady spe^. II, A sine-curve. 



Pig. 214. — Bach letter travels clockwise 
round the circle. Theit positions form 
smooth “sine-waves” travelling to the 
left. 


this kind.^ It is reasonable to 
expect, then, that any sort of 
regularly repeated motion of 
regularly spaced particles will 
produce a wave. 

Three terms are much in 
use when discussing waves 
of all kinds: they are wave- 
length, frequency and ampli- 
tude. 

It is not possible to talk 
much about waves, whether 
of water, air or energy, with- 
out these terms. Plate XVlII 
illustrates wavelength. In a 
water wave, it is the distance 
from crest to crest; since light 
and souiid waves have no real 
crests and troughs, the wave- 
length is the distance between 
the nearest places in which 
the wave is in exactly the 
same state. 


Thus, in Fig. 212 the distance from A to K or from C to M 
is the wavelength. In Fig. 213, II the distance A 6 is the wave- 
length. The frequency is the number of crests passing a point 


Actually the particles whidi make up water waves move in ellipses, not circles. 
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in a given time, usually a second. It is also the number of times 
a vibrating particle can go through its complete cycle of move- 
ments in a given period. In Fig. z\i it is easy to see that the time 
for A to get from the top to the bottom and back to the top again 
is the time taken between the departure of a crest from the spot 
where A is and the arrival of the next crest at that spot. In Plate 
XVIII you cannot see the particles, but you could count the 
waves that pass you in a given time. Suppose the waves were 
travelling at six miles an hour and their crests were eleven 

feet apart. There would be or 2880 crests per six miles, 

II 

so 2880 would pass in an hour. 

The frequency of a wave is, then, the speed divided by the 
wavelength. In this case it is 2880 per hour or 0.8 per second. 

The amplitude of a wave is, in the case of a waterwave, half 
the height from trough to crest. In Fig. 212 (top line) it is half 
the vertical distance from the level of A to the level of F. In 
Fig. 214 it is the radius of the circle; in Fig. 215 it is half the 
height from the top of the crest to the bottom of the trough. 
In the case of a sound or light wave, there is no real trough and 
crest of which to measure the height, and the amplitude is the 
difference of energy between trough and crest. This is true of the 
water wave: at its crest it has the extra potential energy of the 
tons of water wliich raise it above its trough. 

Water waves are pretty complicated as a rule. It is only in 
small ripples that the water particles move in neat ellipses. The 
waves in a storm at sea 
may be seventy feet high 
and travel at forty or Iffty 
miles an hour. These great 
waves are covered with 
smaller waves, which again 
have smaller ripples on their surfaces. Waves with smaller waves 
on top of them are very, common, in fact, universal in sound. 
We call the big wave the fundamental note, and the litde waves 
overtones. 



Fig. 215. — ^How sets of waves may be 
superposed on one another. 



5^6 Tie World of Seienee 

The bteaking of a wave occuts when shallow water is reached. 
The wave usually breaks when the water in the trough behind it 
is only as deep as the wave is high. The cause of breaking is 
liiat the sand slows down the particles at the boftom of their 
course so that the top of the wave which is unhindered outruns 
the bottom. Out at sea the wind is usually travelling much faster 
than the waves and speeds up their tops, so that they over- 
run the main waves, and form the “white horses” seen in windy 
weather. 

Water waves are the easiest to picture, but actually they are 
quite difficult to calculate an3rthing about because several different 
effects (surface-tension, weights of water, depth of water) are 
concerned. Accordingly, we will say at present very little 
about how they are made or how they behave, but because 
they are so easy to picture we will use them to illustrate the 
much more important waves of sound, radiant heat, light, etc. 


VIBRATORS 

A sound wave is usually started by a vibrating body, and before 
sound can be understood we must know what is meant by 
vibrations. The vibrations which cause soimd go through their 
motions 20-20,000 times a second. These are too fast for the eye 
to follow, so we will look at a few of the more interesting and 
simple vibrating systems. 

A very simple vibrator is an ordinary pendulum. Hang a 
j lb. weight on a yard-long string which is tied to something 

firm — a stick supported on 
two chairs, or the curtain 
rod will do very well. Pull 
the weight away from the 
centre. In doing this, you 
have raised it. Let go of it, 
and of course it will fall. 
„But it can only fall to 
where it was before and 
Fro. 216.-A simple pendulum. the only way it can do 
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that is by swinging back towards the centre. Well, it has fallen 
to die centre now: what has happened to the potential energy 
you gave it when you Ufted it? It has all been turned into energy 
of motion (except the tiny bit used to overcome the resistance 
of the air). But there is nothing to stop the weight at the coitre, 
so it goes on until all its energy of motion has been used up in 
lifting the weight. If the pendulum were absolutely fiictionless 
and in a vacuum, no energy would be lost and the weight would 
would go up just as far on the left as it did on the right, and the 
whole process would continue for ever. This is the simplest sort 
of vibration. 

At the extremes of the swing the thing that vibrates has 
potential energy and no kinetic energy (it is still); at the middle 
of its swing it has kinetic energy and (within the limits of move- 
ment of the particle) no potential energy. This is not only true 
of pendulums but also of springs and many other vibrators. 
Tie a bit of elastic (raid a workbox for it) to Ae curtain rod, A 
yard of narrow elastic will do excellently. Hang a half-poxuid 
weight on it, pull the weight down (Fig. 217) and let it spring 
back. The weight vibrates up and down. In this case the potential 
energy of the stretched elastic (A) becomes the kinedc energy of 
the moving weight (B), and as this travels on it 
loses speed under the influence of gravity until it — 
stops at (C), where it has no kinetic energy, but 
instead the potential energy due to its height. It 
starts to fall, speeds up and is drawn to a stop in the 
original (A) position by the elastic force of the 
rubber. This would repeat itself ad infinitum were 
it not that the stretching and unstretching of the c 
rubber turns energy into heat: the resistance of 
the air also has its effect. This idea of a vibration ^ 
being the change of potential energy to kinetic and A 
back to potential again and so forth is very important P*®* 
and can be applied to every sort of vibration. Thmk bntions of a 

how it applies to a seesaw, to a violin string, to a 
ball allowed to run down the side of a basin. 
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The frequency of a vibration, the number of times it repeats 
itself a second, is a thing which in some cases is easily calculated. 
The formula which applies to many cases is: Time of a 
vibration = 6f times the square root of the mass (weight) of 
the vibrating particle divided by the force per unit distance 
pulling the particle back to the centre. 

This sounds a little complicated, but the important part is: 
the beaider the thing vibrating, the slower it goer, the greater the pull 
towards the centre the faster it goes. 

You can try that with your hanging elastic. A heavy weight 
bounces up and down slower than a light one; broad elastic 
makes the same weight bounce quicker than narrow elastic. And 
the pendulum? Will a heavy bob make it move slower than a 
light one? Try it. You will find it makes no difference at all 1 

The reason is that the extra mass which slows down the vibra- 
tion also operates as an extra weight increasing the force pulling 
the bob back to the centre again, and the two effects exactly cancel 
out. The only thing which influences the time a pendulum takes 
over its swing is its length. If a pendulum is longer, the bob 
goes on a less steep path and so speeds up less quickly. 

The rule for a pendulum is that the time in seconds for the 
bob to swing from left to right and back to the left again is 6| 
times the square root of the length in feet divided by the number 
of feet per second by which the speed of a falling body increases 
each second. Why does this come into it? Well, it is gravity 
that pulls the pendulum bob back to the centre, so the stronger 
the force of gravity, the quicker a pendulum vibrates. Timing 
a pendulum is the best way of seeing how the force of gravity 
varies from place to place. 

The above rule is not quite true, but if the pendu^m only 
swings through a few degrees, it is extremely near to the truth. 

The pendulum you made will do very well to test the rule. 
Time thirty swings. You may find they will take twenty-eight 
seconds. Now shorten the pendulum to a qtuo'ter of its length 
(measured from the support to the middle of the weight). Time 
thirty swings. They will take half the time — ^fourteen seconds. 
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Thus, if the length is reduced to one quarter, the time is reduced 
to the square toot of one quarter — a half. 


CLOCKS 

Since a pendulum’s time of swmg depends only on its length 
and the force of gravity, the pendulum has been used for 275 
years to make clocks keep time. There is no difficulty in making 
a clock keep time with a pendulum. Why is it, then, that a clock, 
though once perfectly regulated, never keeps perfect time, but 
sometimes tuns fast, sometimes slow? There are three chief 
reasons. First of all, the pendulum rod expands and contracts. 
Suppose the rod was of steel and the pendulum beat perfect 
seconds when the thermometer stood at i j® C. On a hot summer 
day with the thermometer at C. it would be 1.00015 times 
longer. So the time of swing would be -y/i.oooi 5 =1.000075 times 
longer. Now, there are roughly 90,000 seconds in a day. Our 
clock would take 90,006^ seconds to do 90,000 swings, so it 
would be running seconds a day slow. 

The second trouble is that the time of swing of a pendulum is 
not quite independent of the amplitude or width of swing. As the 
clock gets dirty, friction increases, the restoring push on the 
pendulum gets feebler, and the time of swing a little shorter — so 
the clock runs fast. Also a newly wound clock pushes its pen- 
dulum rather harder than does a clock nearly run down, so 
making the swing variable. Finally, the resistance of the air 
depends on the height of the barometer. When pressure is low 
the pendulum is slowed up less, and so swings in a wider arc. 

For astronomical clocks, meant to keep time to a second a 
year, the most elaborate precautions are needed of which some- 
thing is said on p. 372. 

One has not gone very fer before the question arises as to the 
"standard” of time. All scientific measurements depend only on 
the second, the gram and the centimetre. If we have these units 
fiiKd, every other unit can be calculated from them. Thus, the 
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unit of force is the force that in one second will increase the speed 
of one gram of matter one centimetre per second. The same is true of 
units of power, pressure, voltage, resistance, anything you like — 
they can all be expressed in terms of length, mass and time. 

The standard gram is a piece of platinum kept in Paris, the 
standard metre is another piece kept there also, but what is the 
standard second? 

The calendar unit of time is the day, the time in which the 
earth completes a rotation, and there are 86,400 seconds in a day. 
This should define what a second is: but the earth is probably not 
a perfectly constant clock. It is probably running slower and 
slower as die centuries go on, and it does not even keep perfect 
time, for it seems likely that one rotation may 
differ from another by as much as 
second. The present definition of a second is 
K(>iuD of between successive re- 

turns of the “first point in Aries” to the 
meridian. To explain this explanation would 
require several pages, but the effect of it is 
that a second is of the time of a 

rotation of the earth relative to the stars. 

HOW A CLOCK WORKS 

The pendulum of a clock is usually hung 
on a very thin ribbon of spring steel (R). 
As it swings back and forward, it bears 
against two pins P and P^. The crutch 
(shaded in Fig. a 18) which is pivoted at the 
top therefore swings backwards .and for- 
wards with the pendulum. The crutch 
carries two pallets, T, T', which engage 
witli the teeth of a ratchet wheel W. This 
wheel is geared to the train of wheels by 
which the weights drive the hands. The bands 
cannot move unhss the ratchet wheel moves too. In 



Fto. 218. — ^How the 
pendulum regulates 
• dock. 
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Fig. 218 the pendulum is not quite yet at the left hand end of its 
swing. The pallet T has just released the tooth a; the drive of the 
clock makes the wheel fly on until the tooth ^strikes against the pal- 
let T'. The pendulum finishes its stroke and so pushes b back a little 
in an and-clockwise direction. This can often be seenin old clocks: 
in these the second hands visibly recoil at the end of each 
pendulum swing. The pendulum now starts back to the right. 
The tooth as it goes back to the position from which it recoiled 
gives the pendulum a push and it is this push which provides 
the power that keeps it swinging. The pendulum now travels 
over to the tight and just as tooth b has almost escaped from 
pallet T', pallet T comes in and engages tooth C. This will not 
be released again till the pendulum gets back to the left hand 
end of its swing. It is clear now that the escapement wheel 
can move only one tooth for each double journey of the pendulum. 
If the pendulum is regulated, as is usual, so that the double 
swing takes one second, the escapement wheel, which has 60 
teeth, will get round once in a minute. (Fig. 218 shows only 50 
teeth — ^for simplicity.) In this case, the escapement wheel may 
be attached directly to the second hand, the other gears being 
arranged so that the minute hand goes sixty times more slowly, 
and the hour hand twelve times slower still. 

Fig. 219 gives a good idea of how the escapement is driven. 
The weight pulls the going-barrel B round. This has attached 
to it the great wheel C which drives the centre pinion P, which 
carries the minute hand. This turns once an hour and works a 
train of wheels, M, N, n, Y, which drive the hour hand round 
once in twelve hours. The wheels d, D, e, driven by the pinion 
P, have the right number of cogs to ensure that P turns 60 times 
slower than the escapement wheel W. The pendulum makes 
the escapement wheel turn just once a minute: the pinion and 
the minute hand must then turn just once in 60 minutes, and the 
hour hand just once in twelve hours! 

There are many other (and better) escapements but this one 
can be seen working very well in most grandfather clocks. A few 
minutes’ inspection is worth an hour’s reading in these matters. 
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Fig. 219. — Movement of a grandfather clock 


The best clocks made 
are the clocks at Green- 
wich Observatory. 
These are rather beyond 
the power of this work 
to describe, but roughly 
speaking, they have a 
“ master ” pendulum 
which drives nothing and 
swings freely in a 
vacuum. It is compen- 
sated for temperature, 
and kept in a cellar at 
an even temperature. 

This pendulum is 
kept going by a litde 
push from a falling 
weight automati- 
cally released every half 
minute. The contact 
of the weight with 
the master pendulum 
makes an electrical 
signal travel to a 
second “slave” clock 
which these signals 
regulate. These clocks 
are so accurate that no 
one knows whether they 
are not perhaps better 


timekeepers than the rotation of the earth which provides the 


standard time by which we check theml 
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Sound Waves 


COMPRESSION WAVES 



A nything which moves in air disturbs the air. It pushes 
the air in front of it and since the air cannot instantly get out 
of its way, a layer of compressed air is 
formed in front of the moving object 
and of rarefied air behind it. The 
faster the thing moves, the more 
compressed or rarefied these layers 
will be. 

A compressed layer of gas like 
this, without anything to keep it 
compressed, might reasonably be 
expected to expand again to normal. 

But as it expands, the molecules fly 
forward, and (like the pendulum at 
the bottom of its stroke), they do 
not stop when the gas has reached 
its normal state. The molecules fly on 
and drive before them a new lot of gas 
which is thus compressed and in turn 
once more expands. Thus a layer of 
compressed gas travels outwards. Any 
actual molecule does not move more Fig 221.— A 
than a very short distance, but tlic 
compressed layer moves at about a 
thousand feet a second. This is 
just like our sea-wave, the water 
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Raicfied Compressed 
air. air. 

Fig. 220. — How a moving 
object makes a compression 
wave. 


t 



com- 
pression wave in a gas. A 
rarefied space behind wave. 
B Compressed molecules 
moving back. C Compressed 
molecules travelling forward 
and compressing fresh gas D. 
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of which only bobs up and down while the ridge travels on at 
ten to fifty miles an hour. 

An intense sound wave can even be photographed. Plate XVIII 
shows very admirably how such a wave travels and is reflected. 
The photograph of a bullet (Plate VI) also shows a sound wave. 

VELOCITT OF SOUND 

The speed at which such a pulse of compression travels can be 
calculated. It depends on the force necessary to compress the gas 
and the inertia of the molecules — the ease or difficulty of setting 
them moving — ^which depends on their weight. If aid the force 
went to speeding up the wave and none to permanently speeding 
up the molecules concerned, a pulse of this kind would travel at 
the rate of 3 3 1 . 5 metres a second in air at 0° C, with the barometer 
normal. Actual experiments show that the sound travels through 
ait with almost exactly this speed, 331.41 metres per second or 
nearly 700 miles per hour. The speed varies somewhat according 
to the temperature of the air, which affects its compressibility, 
and the amount of water vapour in it, which affects its weight. 

It is possible to time sound for oneself though the results are 
not likely to be accurate because the times are very short. Every- 
one has seen the ball leave the bat well before he hears the sound 
of wood on leather, but the interval is not usually as much as a 
fifth of a second. The most hopeful case, is, when watching 
blasting or gunfire. The light travels a distance of, say, 3 miles 
in an immeasurably short time, but the so’md will take about 23 
seconds, which a stop-watch will time with an accuracy of about 
!%• 

This degree of accuracy is by no means good enough for scien- 
tific purposes. Two microphones several miles apart are employed 
in accurate work. The sound signal — say from a gun — generates a 
tiay current in each microphone as it passes and these currents 
pass round two separate primary coils. These have a single 
secondary coil surrounding them and are connected to a very 
sensitive galvanometer. 
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Each time either telephone receives a sound, and so makes the 
current flicker, the changing current induces a current in the 
secondary coil and the spot of light reflected from the galvano- 
meter is deflected across the smface of a piece of travelling 
photographic paper, which also receives time signals from a 
standard tuning fork. The distance between the two deflections 
shows th# time the sound has taken to travel the distance between 
the two microphones. 


source OP SOUND 



Fig. 222. — The principle of the measurement of the velocity of sound. 

An important use of sound in war-time is for determining the 
position of a gun. A gun can be hidden, butit cannot be silenced. 
It is not possible as a rule to time the flash and noise, as a ship does 
to get its distance from a lighthouse (p. 594). One method is to 
have three or more microphones, say, half a mile apart (Fig. 223). 
The currents from these are brought to a central station where 
they operate three galvanometers, each of which throws a spo( of 
light on a film on which a vibrating tuning-fork also throws a 
wavy trace. A gun fires. The nucrophones each receive the pulse 
at differf-nt times and send a current to the three galvanometers 




Fig. 223. — Illustrating the method of locating a gun (D) by means of three micro* 
phones (A, B, Q, (i : 20,000.) 
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which each dSSect theic spot of light. By measuring the number 
of tuning-fork vibrations between each deflection, we find, say, 
that the nucrophone B received the sound first while microphone 
A got it second later, and microphone C ^f^th seconds 
later than A. 

So when B got the sound, A’s sound was still 
seconds away, that is 1 14.4 yards away. Similarly, at that moment 
the sound was ^ f^th seconds, 181.9 y^cds away from C. 

Take the map and draw a circle of 114.4 yards radius round A 
and another 181.9 yards radius round C. Now, the sound got to 
somewhere on circle A, to B, and to somewhere on circle C at the 
same time. These two “somewheres” and B must be the same 
distance from the gun and so we have only to find a circle which 
goes through B and touches the other two circles and the gun 
must be in ^e centre of it. 

This drawing makes it clear that the gun is 2561 yards away 
at an angle of 46® E. of N. of B. If the calculations are right, 
the gunners can now attempt to destroy it by bombardment. 

The same principle was used by the Navy for warning ships of 
the position of submarines. If a vessel saw one, it exploded a 
charge under water. Several submerged microphones near the 
shore picked up the sound wave travelling through the water, and 
a brief calculation showed the precise position of vessel and 
submarine. 

What we call sound then, is a pulse of compression travelling 
through some material. This is usually the air, but of course 
sound is carried by all kinds of material. A sound wave in a plank 
of wood, a tod of steel or a tank of water, is a compression wave 
just as in air. 

These materials are much more difficult to compress than air, 
so the restoring force is much greater: this should make them 
vibrate quicker. On the other hand, they are much denser than 
air, so that more force should be needed to make their particles 
vibrate at a given speed — consequently, they should vibrate more 
slowly. In actual fact, the first eflect outweighs the second. Steel 
is 1,200,000 limes less compressible than air, and it is 6,030 times 
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mote dense. Actually sound travels at just on three miles a 
second in steel, 14 times faster than in air. 

If you apply your ear to a water-pipe while someone hits a 
distant part of it with a hammer, you may hear three sounds, the 
one coming through the air, another through the water and 
another through the steel: tuiless the pipe is very long, the last 
two will not be distinguished. Sound is transmitted through an 
elastic solid with less loss than through air, because less of its 
energy is wasted in making the molecules move irregularly — i.e., 
become hot. 

If you put a watch on one end of a long table and press your ear 
against the other, you hear it quite clearly. Sound travels better 
through ten feet of wood than one of air. 

Water-board inspectors look for leaks in this way. They go 
round at night when no water should be in use and turn the main 
valves nearly off. By pressing one end of a wooden rod against 
their ear and the other against a valve, they can hear the whisper 
of the water going through the chink of the valve to the leak 
they are seeking. 

Since sound is a compression-wave consisting of a crowd of 
molecules, it can only exist where there are molecules to crowd. 
Sound cannot travel through a vacuum. If an alarm clock is 
suspended in a vacuum not a sound will be heard when it goes 
off, though the hammer may be seen vigorously banging the bell. 
At the tops of high mountains where the air is much less dense, 
voices sound weak and the vast deserts of space must be perfectly 
silent. 


WHY SOUNDS FADE OUT 

The farther one stands from the source of a sound, the fainter 
the noise. This is easy to understand if one remembers that a 
sound spreads out in every direction and it is only the little 
bit of the wave that enters your ear that can be heard. Suppose 
someone explodes a cracker 50 feet away from you. A sotmd 
wave goes out from the cracker upwards, sideways, forwards 
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and backwards like a dome and when you heat it 30 feet away, 

88 

the wave has an area of — x 50^ == square feet. Your 

7 

ear-hole is only about ^ jjth square inch in cross section, so you 
only get about one fifty-millionth of the total noise. Suppose 
you were twice as far away. The “dome’*-shaped sound wave 
would have twice the radius when it reached you, and so the 
same amount of sound energy would be spread out to four times 
the area. So you would only get one two-hundred-millionth of 
the total sound, one-quarter of the sound you got before. This 
argument applies to sound, light, force or anything you like 
which spreads out evenly from a point: it is the inverse-square 
law we met on p. 159. 

Now, according to this, sound gets fainter with distance 
because it is spread thinner and thinner. If we could make sound 
go in a parallel beam like a car’s headlight, or travel down a tube, 
it would not spread out and so would keep its loudness. This is 
partly true. By shouting down a megaphone, we get a beam of 
sound of a sort, and so make sounds carry further; and by speaking 
down a tube we can make sounds audible for ftir distances. 
However, sound waves always gradually die away by being con- 
verted into irregular heat motions of the air, and the only satis- 
factory way of sending them long distances is to “translate” them 
into electric currents, light or radio-waves, and send these. 

MUSICAL NOTES 

Hitherto we have talked about these waves of compression as 
if they travelled singly; in actual fact it is as difficult to get a 
single air-wave as a single water-wave. If a stone is thrown into 
a pool, a group of ripples travels out. In the same way, an explo- 
sion in ait or the noise of dropping a brick on a pavement sends 
out a group of air-ripples. 

We carry in our heads a complicated little apparatus for 
detecting sounds — ^an ear. The structure of it is carefully mapped 
out on page 891 . A membrane is moved by the pulses in the air — 
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compressions piish it in, tare&cdons draw it out. This mem- 
brane transmits its movements by a bridge of bones to a smaller 
membrane which is part of a bag of liquid, which is thus caused 
to vibrate. This liquid contains a second bag of liquid which 
vibrates with it, and in this latter liquid are a series of nerve- 
endings which in some way we do not fully understand, are tuned 
to respond to the various frequencies of the air-waves we can hear 
and to transmit their message to the brain. We cannot hear all 
air-waves. What we can hear as sound is a stream of air-waves 
reaching us at the rate of anything from 20 a second to about 
40,000 a second. If the waves are regular (as are the waves in 
Plate XVIII) we hear a musical notr, if they are irregular (as are the 
waves in a choppy sea or the wake of a ship), we hear a noise. 
If the waves rea^ us at a slow rate, we hear a low note; while 
a high frequency means a high note. 

A very simple experiment will convince you of this. Pull the 
blimt end of your pencil along a rough piece of regularly patterned 
material, either a bit of woven material — a hair carpet or piece 
of canvas or anything with a fine regular pattern, a file or the 
milled edge of a half-crown. A distinct “note” can be heard and 
the faster you move the pencil the higher the note. If I do this 



to my hair carpet, I find that if I 
move the pencil at the rate of 
about 4 feet a second, I get a note 
not far off middle C. The carpet 
has about 6 strands per inch, so I 
am causing 6 X 1 2 X 4 = 2 8 8 vibra- 
tions a second. Middle C is 261 
vibrations per second. A musical 
note is then a regular succession 
of pulses. Fig. 224 shows dia- 
grammatically how the notes of 
a high-pitched whistle travel as a 
series of spherical waves of com- 
pressed air moving outward at 
1100 feet a second from the 
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whistle. A very shrill whistle might send out 10,000 waves a 
second. As they travel about 1100 feet a second they would be 
rather more than an inch apart. We now see that a musical note 
is a regular succession of pulses of compressed air. The more 
rapid the succession, the higher is the note. 

Men have had since the earliest times a very clear idea that the 
highness or lowness — the pitch of a note could be measured or 
at least defined. They have always (or at least for two or 
three thousand years) had some idea of a musical scale. They 
realised that certain pairs of notes soimded pleasant when com- 
bined while others did not. It is true that some races and cultures 
regard as in concord notes which others consider to be discords. 
None the less there is a general recognition that certain intervals 
such as the octave and the fifth are harmonious. The modem 
scale took a good deal of working out and is not entirely satis- 
factory now. 

The octaves were soon recognised. It is easy to perceive that 
you can get the sanae group of musical effects between, say, 
middle C and the next higher C, as between middle C and the next 
lower C. When you come to measure the number of vibrations 
v,'hich correspond to each note, you find that each octave doubles 
the frequency. Thus, the C’s on the piano give the following 
number of air-pulses a second: 

C 63.25 

C 130.5 

C 261 

522 

T044 

The ear has a very clear notion of the between two notes 

— whether one is die octave of the other. It has no very definite 
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ideas about the number of vibrations (the absolute pitch) of a 
note. Thus the pitch of the various notes has been varied a great 
deal in the last two himdred years. Handel’s treble C gives 304 
vibrations a second. Covent Garden Opera House in 1876 
adopted 540, nearly a semitone higher. The present “New 
Philharmonic” pitch is 522. The ear cannot judge accurately of 
the pitch of very high notes and very low ones become inaudible; 
the highest note sounded by die piccolo is 4732 vibrations a 
second; the lowest on the organ has 32.7 vibrations a second. 

Everyone is agreed that the musical scale shall be divided into 
octaves. But the octave itself can be split up into notes in a good 
many different ways. The usual method is to consider the octave 
as divided into 12 equal semitones, each note vibrating 1.0594 
times as fast as the one before it. This system is called die equi- 
tempered scale. The octave C to would then be: 

522 

B 492.75 

Bl> 465.09 

A 439.07 

Ab 414-42 

G 391.14 

Gb 369.18 Vibrations a second. 

F 348.45 

E 528.88 

Eb 310.40 

D 292.98 

Db 276.52 

C 26 i 


Notes are generally thought to sound in concord when their 
vibrations are in the same proportion as small whole numbers. 
Thus the C and the (the note an octave above it) form a perfect 
concord, for vibrates twice for C’s once. The interval between 
C and G is called a fifth. C vibrates twice while G vibrates three 
times. The interval between C and E is called a major third; 
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heie C vibrates four times while E vibrates five times. There is, 
however, no general agreement about the intervals which are 
not so simple as these. A composer such as Wagner uses with 
effect combinations of notes which Palestrina would have called 
discords: Oriental music combines notes which sound discordant 
to a Western ear. 

The equitempered scale is not the only one. The diatonic 
scale gives eight notes with frequencies in the proportion i, §, 
il* !t» ■V’> The disadvantage of it is that if C is the tonic 
(by which we mean the note we call i), we get a certain octave 
of notes. But if we make G the tonic we get another octave, 
none of the notes of which is the same as any of those in the 
scale with C as tonic, which is musically very inconvenient. 
The equitempered scale is therefore generally adopted. 

It is very curious that the eat distinguishes as in harmony the 
notes which science thousands of years after has shown to have 
vibrations in simple mathematical ratios. There is no certain 
explanation of the fact; perhaps wc may still believe with Plato 
that harmony is innate in our soulsl The chief explanation put 
forward is that harmony is the absence of the “beats” mentioned 
below; these, even when too rapid to be separately heard, arc 
probably unpleasant to tlte car. 

If two notes vibrate so that their vibrations per second are not 
in some simple proportion such as i : 2 or 5 : 4, they produce 
a discord which does not satisfy the ear. Thus C and D sounded 
together give a dissonant effect. The ratio of their vibrations 
is 8 to 9. 

If two notes are sounded which ate just out of tune, a curious 
effect of “beats” is heard. A piano-tuner tightens or loosens the 

BtAT - BfAT (CAT . 



SOUND NO SOUND SOUND NO SOUND SOUND 


COMPRESSIONS AHO COMPRESSIONS 

RARERftCTIONS G^NCEL 

OOlNClOe RARCPACTICNS 

Fig. 22 5. --Notes with fieaucncics in the proportion of 7 to 6 sounded together, 
illustrating formation of beats. The dark bands may represent compressions, the 
light ones, rarefactions. 
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string, till it no longer gives beats with the note of a tuning- 
fork: it must then be in tune. Fig. 223 shows how these beats 
arise. Suppose we sound two notes, one vibrating 60 times 
a second, the other 59 times a second. Once every second the 
compression waves will reinforce each other and make the sound 
louder; once a second the waves of one note will exactly fall in 
the troughs of the other and the waves will cancel out, giving 
silence. Consequently the sound will rise and fall in “beats” of 
a second’s length. 

These can be heard by tuning two strings so that one is a little 
flatter than the other and bowing or plucking both of them. 
Most easily, however, they can be heard by listening to the wind 
blowing through the telegraph wires. If you press your ear to 
the pole, the beats of the different notes from the wires can often 
be heard. 

We now see what musical notes are and how their pitch 
depends on their speed of vibration. This is by no means the 
whole story, however. Hear the middle C on the piano, a tuning 
fork, a violin, a trumpet, the several stops of an organ. These 
may ail play a note of precisely the same pitch, but a child can 
distinguish that the sounds are different. 'I’he reason is that no 
instrument plays one single note. If you strike the C string of 
a piano, it sounds C, which we may call the fundamental, but it 
also more faintly sounds the C’s and other higher notes for seven 
or eight octaves above. Thus, in addition to the fundamental, 
the oaave, the twelfth, the double octave and the eighteenth are 
more faintly heard. The fundamental C is just the same for 
piano, organ or violin, but each of these instruments sounds 
higher notes too and these are not the same in each case. 
These notes, higher than the fundamental, are called the over- 
tones or, if they are in harmony with the fundamental, the 
harmonics. Bells are the most remarkable instruments from the 
point of view of harmonics. A big bell’s fundamental note, the 
“hum-tone,” can hardly be heard; it is the first and higher over- 
tones which we hear. Many of these are discordant with each 
other, thus giving the bell its peculiar tone. 



PLATE XIX 



I Lcho-soLiiuJing Hpp:iratus. Top rijjjht, nioror; top left, governor; below, 
pen and record; bottom, amplifict. 



Record of a part of the sea-bottom, obtained by use of the above apparatus. 
fBoth bv courtesy of llcnrv Hughes & Son, Ltd., Fcnchiirch St,, London.) 





PLATI-: x:x 



A diaphonc. 

(By cnurtcsv. ot Mcssis, (.haruc Bn)s. and 
(]{),, lad., Sincthwick.; 



Micr()ph(>t«)ij:raph of a p'art of .i 
gramophone record. 



An cngineei examining a parti) -rccotded wax during a session in “His Master’s 
N'oice" Studios. TB) courtes) of I I.M.V., Ltd ) 
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shows very clearly 
the overtones from a tuning- 
fork. .The pictures were ob- 
tained by setting a tuning-fork 
vibrating so that a bristle 
attached to the fork just 
touched a glass plate covered 
with candle smoke. The plate 
hung by a thread. This was 
burned through, whereupon 
the plate fell past the moving 
bristle, which scratched a re- 
cord of its movements in the 



Fig. 226. — ^Tracing of Vibrations of 
Tuning fork. 

(a) Top: Fundamental 

(b) Middle: Fundamental and Overtone 
(0 Bottom: Fundamental and Overtone 

(Courtesy of Messrs. George Bell & Sons, 
Ltd., from Dr. Wood’s Textbookof Sound.) 


smoke. Fig. 226(^1) shows the pure fundamental. InFig. 226 (b) the 
fork is giving an overtone of times the frequency. In Fig. 226 
(c) the overtone is 17J times the frequency of the fundamental. 
It was made to give the different overtones by rubbing it in 
certain fixed spots with a violin bow. 


THE DOPPLER EFFECT 


When we say that the thing which determines whether we hear 
a high note or a low one is the frequency of the sound-waves, 
we do not really mean the number of waves emitted every second 
but the number that reach our cars. Suppose (Fig. 227) a siren 
is hooting at a pitch near that of tlie middle €,256 vibrations a 
second. The compression waves travel roughly 1100 feet a 

second, so they must be about 4.3 feet long. Now sup- 

256 

pose we shoot past the siren in a car going no feet a second 
(about 75 m.p.h.). If we had stopped still at A or B or anywhere 
else for a second, 256 vibrations would have passed us. The 

distance between two waves is = 4.5 ft, so in going the 

256 

no feet from A to B we pass — - mote waves on their way out- 

4-3 

13 
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ward, so that the number of waves that reach our ears is 

256 + = 281.6 in a second and the note we hear is not C 

4-3 

but C sharp, a semitone higher. As we rush away from the 
hooter, we shall find the opposite effect. If we stood still at E, 
2 5 6 vibrations a second would pass us. But by going the no feet 

to F, wc shall be passed in that second by only 256 - 

4.3 

= 230.4 vibrations, and the note wc hear will be about a semi- 
tone flat. The phenomenon, called the Doppler effect, occurs 
with light waves also, and is most important in astronomy; for 
this reason, it is worth while expressing the results in another 
way. 

The waves are emitted by the siren at the rate of 236 to tlie 
second. Their velocity is 1 1 00 feet a secotid relative to the siren, so 
‘they are 4.3 feet apart. But the velocity relative to a car travelling 
no feet a second towards the siren is 1210 feet a second. They 

are 4.3 feet apart, so-i— - = 281.6 waves will pass the approaching 
4-3 

car per second. Their velocity relative to the departing car is 

noo - no = 990 feet per second. So only .22? = 230.4 waves 

4 - 5 

pass the car per second. So, on driving a car at 75 miles per hour 
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past a siren, the note should appear to drop by rather more than 
two semi-tones. The effect is best heard when a high-speed 
aeroplane, flying low, passes a spectator. The note of a racing 
seaplane at 400 miles an hour should show a drop of pitch of 
about an octave and a half as it passes a spectator. 


ECHOES 

Sound waves can be reflected, as indeed can all waves. The 
way in which a -wave is reflected is easiest studied in the bath. 
Start a small wave at the rounded end. 

It runs to the square end and there 
piles up against the side. It then starts 
back again without any noticeable loss 
of size or speed. Remembering that 
the water-wave particles are bobbing 
up and down, not travelling along, it is 
easy to see that, if they are at the top 
of their travel and touching the side, 
when they travel down, they must 
force the particles behind them up; and 
the wave will travel back the other way. 

The reflection of a sound wave is „ 

, ... , f-ic. 228. — How a water-wave 

familiar to everyone as an echo. is 

I stand at one side of a square of 
houses and strike two books together with a bang — firing a gun 
is discouraged in London streets. About half a second later, 
I hear a similar sound, the echo. The square is about a hundred 
yards across, so that the sound has to travel 600 feet to get to 
the opposite wall and back to my ear. Since sound goes 1100 
feet a second, 1 should hear the echo second after the bang. 

Fig. 229 shows how a sound wave is reflected. The wave is 
a layer of crowded air molecules springing apart and so crowding 
the air molecules ahead of them in turn into a small space. 
Suppose the “crowded” molecules meet a wall. They cannot 
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push it away, so they must spring back- 
ward and so crowd the molecules behind 
them. These again crowd the molecules 
behind them and so the wave returns on 
its track. 

Everyone likes shouting at a wall and 
hearing it shout back to him; but beside 
this simple pleasure, men of Science 
have found one or two uses for 
echoes. 

ECHO-SOUNDING 

Fig. 229. — How a sound- „ .. 1 11 r 1 • • 

wave IS reflected. The most valuable use of echoes is m 

echo-sounding, used to determine the 
depth of the sea without the need to lower the line to the bottom. 

The prindple is very simple. You make a noise under water 
and listen for the echo widi an underwater telephone. The interval 
between the noise and the echo is twice 
the time needed for the sound to get to 
the bottom. Since sound travels 1440 
metres per second in the sea, if the 
interval is / seconds, then the depth is 

metres. Very pretty; but suppose 

the sea is only 10 metres deep. Then 
the echo will return only second 
after the noise; and to measure this 
interval some arrangement will be 
needed to time the echo within about 
^ second. Plate XIX shows how 
this is done. The motor kept at a con- 
stant speed by a governor closes a 
switch (between these) which sends 
an electrical impulse which discharges a 
condenser in the contactor (Fig. 230, C) 



Fig. 250.— Reflection of 
souna waves from sea- 
bottom. C =* contactor, 
Tr = transmitter. Re = 
receiver, R — recorder. 
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in another part of the ship. This discharges a big current through 
an arrangement Tr, fixed to the ship’s hull, for sending out 
sound waves of such very short wave-length that they ate in- 
audible. These waves travel to the sea bottom and are reflected 
back. A special type of telephone Re, sensitive to very short 
waves, receives the sound and sends a faint electrical impulse 
to a large valve amplifier, which converts it into a strong current. 

Now to make a record of this. A piece of paper moistened 
with starch and potassium iodide solution is drawn over a metal 
support. TUs paper has the property of becoming coloured 
when an electric current passes through it. Now a pen (a metal 
point) starts to move from left to right across the paper each 
time a signal is sent out. The incoming electric signal causes a 
current to pass through the pen, paper and metal support over 
which the latter runs. A dark mark is thus made and the distance 
the pen has gone before the mark is made depends on the time the 
signal has taken to go to the bottom and back. The white strip 
therefore shows the depth of the sea. Plate XIX shows part of a 
record — ^practically a section of the sea-bottom. The appanvtus 
is so sensitive that it readily locates wrecks and even shoals of 
fi'h; in fact it has given us some very useful knowledge of the 
depth at which these swim. 

The reflection of sound has much importance in determining 
whether a building has good “acoustic” properties or not. There 
ate many large halls in which it is exceedingly difficult to hear 
what is being said. St. Paul’s, in which one may sit not fifty feet 
from the priest reading the lesson and be unable to follow the 
most familiar biblical passage, may be taken as a superb example. 
Every sound is reflected up and down that vast space so that the 
air is a confused welter of soxmd-waves, not an orderly pro- 
gression. A hall in which it is easy to hear must be so arranged 
that the sound waves reflected from the walls do not interfere 
with those emitted by the speaker. 

The first way of assuring this is to prevent the sound-waves 
being reflected. If the walls are htmg with tapestry or covered 
with “acoustic plaster,” the sound is mostly absorbed and not 
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reflected. The other method is to design the hall so that the 
sound-waves, after they have been reflected, either do not reach 
the audience or' reach them so quickly that one word does not 
interfere with the next. Elaborate carved work as in a Gothic 
cathedral seems to break up the waves, so also do the walls of 
an irregularly shaped building such as a theatre. When a modern 
hall is designed, the architect often makes a model and photo- 
graphs the sound waves made in it by an electric spark. Plate 
XVIII shows the way these reflections occur. 


MEASURING SOUNDS 

Theworld has grown conscious of late of a growing intensity 
of noise, and in England the Anti-Noise League is making eflbrts 
to reduce some of the worst nuisances such as pneumatic road 
drills, inadequately silenced motor cycles and the like. One of 
the chief difiiculties in framing legislation against noise has been 
the lack of a reliable method of measuring how noisy some piece 
of machinery really is. The best measure of noise is the actual 
power expended in making the air vibrate, though this is fat from 
perfect because the ear is more disturbed by some notes than 
others: moreover, a discontinuous noise as of a road drill or a 
barking dog is more annoying than the continuous roar of traffic. 
Actually, the energy of sound is very small. A large orchestra 
doing its worst only expends 70 watts (j^yh.p.) in setting the air 
vibrating, while the power of a single flute is only about a 
sixteenth of a watt. It is an amusing commentary on our garrulous 
species that if all the people in Europe talked at once, the energy 
would just tun a motor-bicycle. Noise-meters of many kinds 
have been made; some measure the electrical output from a 
microphone or measure the pressure changes of the sound waves: 
these are mechanically accurate but have to be compensated to 
allow for the fact that the ear finds shrill notes most noisy though 
the low notes commonly have the greatest energy. The simplest 
“audiometer” consists of a tuning fork which is automatically 
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struck by a blow of definite strengdi and held as close to the ear 
as possible. The observer measures the time till the waning 
noise of the fork just matches the noise to be measured. The fork 
is first tried against standard noises so that the amount of noise 
corresponding to each second’s lapse is known. 

Noise is now measured in pboas. We first fix a “threshold” 
taken as the faintest sound that can be heard, then a soimd z 6 % 
greater than this is said to have a loudness of i phon, a sound 
26% louder than i phon is called 2 phons and so on, A noise of 
20 phons is therefore not 20 times i phon but (xii «)***> that is to 
say 100 times one phon. This “logarithmic” scale of noise has 
the advantage of ^scriminating between little noises without 
representing the big ones by vast numbers. 

The following table gives the noise intensities in phons of 
some noises. It must not be forgotten that the noise here called 
100 on our scale of phons has not 10 times the energy of that 
called 10 but ten thousand miUion times. 


SOME LONDON NOISES (after Davis) 

(Expressed as the intensity of a standard note of equal loudness: 
Noises of two different kinds cannot be compared directly.) 

PHONS 

no Noisy aeroplane cabin. 

90 Noisy tube trains. Pneumatic drills. 

80 Motor horns. Loud music. 

70 Loud radio music. Tram, bus or train with windows open. 
60 Average music. Average traffic. Interior of train. 

50 Conversation. Quiet car passing. 

40 Soft radio music. Quiet street. Saloon car. 

30 Clock ticking. Quiet suburban street. 

20 Quiet garden. 

10 Quiet whisper, 
o Silence. 
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Measurement of these noises may be a first step towards check* 
ing them. There is no question that pneumatic drills and the 
louder cars and lorries could be silenced. The noises of trains and 
trams could hardly be much reduced. Such noises as of the 
neighbours’ radio and barking dogs can be abolished only by the 
use of reasonable and urbane behaviour — not a matter for science. 



CHAPTER XIV 


How Sounds are Made 

A very great number of instruments ate used for making 
sounds. Some are musical instruments; others, such as fog* 
horns, hooters and whistles are not. In every case there is somt- 
tbing in the instrument that vibrates or in some way sets a regular 
succession of compression waves travelling. 

The things used to make noises are: 

(i) Sirens and diaphones, which send out a very rapid succession 
of puffs of air or steam. 

(a) Vibrating solids [ Strings^ as in the violin. 

Rads, as in the tuning-fork and xylo- 
Vibrating in phone, 

their natural Plates as in gongs, 
period [ Membranes as in drums. 

Not vibrating Plates and membranes in motor horns, 
in their gramophone sound-boxes, loud 

natural period speakers, etc. 

(5) Vibrating columns of air: These may be set vibrating by 
an oscillating tongue of metal or “reed,” as in the clarinet, 
or by the rush of air over a sharp edge as in the flute or 
organ pipe. 

FOGHORNS AND THE LIKE 

The siren and diaphone produce the loudest musical notes we 
can make. Everyone knows the noise of the factory hooter, 
which may be heard five or six nules away when the wind is 
favourable. The factory hooter is always a siren. The fog-horn, 

in 
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which may be heard at distances of twenty miles, is usually a 
diaphone. 

A siren consists of two discs perforated with holes. The 
lower one is fixed, the upper free to revolve. The holes in the 
upper disc are at an angle so that the steam makes it turn just 
as the water turns a reaction turbine. Air or usually steam is 
forced in below. The upper disk turns, but as it does so, it 
alternately releases and shuts off the steam according to whether 
the holes in the moving disc and fixed plate ate opposite each 
other or not. It is easy to see that if the disc has 32 holes and 
revolves ten times a second, there will be 320 puffs of ait a second 
and the siren will soimd the E above middle C. 



Fig. 2) I. — Section of a siten. 


Fig. 231 shows a fac- 
tory siren in section. 

Sirens give a very 
good way of finding out 
how many pulses a 
second correspond to a 
particular note. If we 
connect a siren with 


a revolution counter and drive the moving plate by a governed 
motor at various fixed speeds, we can easily time it to match a 
given note and then see how many puffs a second it is giving. 

The diaphone (Plate XX) is more complicated. It ha.s a reservoir 
of compressed air. This works a cylinder and piston like that 
of a steam engine, but very much shorter. At the start and finish 
of each stroke the piston rod opens and shuts a valve which 
allows apuff of compressed air to enter a large horn. If die piston 
makes jo strokes a second, the diaphone will give out a hundred 
puffs of air a second and emit the second G below middle C. 

Lighthouses often emit a diaphone note and a light flash at 
the same time. If a boat sees the flash thirty seconds before it 
hears the note, the navigator knows that the sound has taken 
thirty seconds to arrive. Now sound travels about 1100 feet a 


second (varying somewhat according to the temperature, baro- 
metric pressure, etc.); accordingly, he knows he is about six 
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miles from die lighdiouse. Sound travels through water much 
faster than through dr, but much more certainly and at a fixed 
speed. Fog banks, differences of temperature, pressure, etc., 
hardly affect water. Accordingly modem lighthouses, instead 
of a siren or diaphone, sound a bell or an arrangement like an 
exaggerated electric horn under water. Ships are fitted with an 
under-water telephone or some such arrangement by which the 
water vibrations can be heard. The lighthouses send out the 
under-water signal and a light-flash together; the navigator, 
knowing that light is for practical purposes instantaneous and 
that sound in water travels about 1450 metres (almost a mile) a 
second, finds it easy to calculate the ship’s distance from the 
lighthouse. 

Sirens and diaphones give an unpleasant note. It is almost 
aU of the same i^damental frequency and lacks the character 
and richness that the harmonics give to the notes of musical 
instruments. 


VIBRATING RODS — TUNING FORKS 

The simplest musical instrument, if it can be called one, is a 
tuning fork, a U-shaped steel bar. When it is struck, it vibrates, 
scissor-fashion, and sends out a very pure note with very 
few harmonics. Its value as a musical instrument is nil', its 
use is to keep in tune and always vibrate at the same rate. The 
speed it vibrates at depends on two things, the elasticity of the 
steel, which pulls it back into its normal shape, and the weight of 
the arms, which the elastic force has to set moving. 

If you stick two lumps of sealing wax on the tips of a tuning 
fork, so as to increase the weight of the arms, it will sound flat — 
i.e., vibrate slower. If it is warmed, the steel becomes a little less 
elastic, but a change of 20“ C. does not make a difference of one 
vibration a second in a fork tuned to middle C. 

To keep a tuning fork going permanently, we can treat it as 
if it were the arm of an electric bell. Each time the arm moves, 
it dips a tungsten wire into a pool of mercury. A current passes 
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through die fork, wire and mercury and a small electromagnet 
which gives the arm a sufficient tug to speed it up as mu(ffi as 
the friction of the air, etc., slows it down. An electrically driven 
tuning fork is not only used as a standard of pitch, but also 
as a standard of time. A tuning fork can be tuned to vibrate 
accurately 250 times a second and if a fine point is attached to the 
end of one bar and is allowed to graze the surface of a rapidly 
travelling sheet of smoked paper coated with smoke, it will 
draw a wavy line, each crest being drawn seconds after 

the one before. Now suppose we want to measure the time a 
frog’s muscle takes to contract. 



Fig. 232. — Electrically driven tuning fork. 


A simple form 
of the aparatus 
is illustrated in 
Figure 456 
(p.8j5).Adrum, 
covered with 
smoked paper, 

rotates about once a second. The muscle is mounted so that when 
itcontractsitliftsapointtouchingthe smoked drumand so draws a 
white line which represents its own movements. The operator has 
a large tuning fork, vibrating 100 times a second, to 
an arm of which is attached a bristle. He holds this 
so that the vibrating bristle just touches the smoked 
surface and so traces a wavy line on it, each wave- 
crest being secs, later than the wave-crest 
before it. In Fig. 436 the curve of the muscle twitch 
occupies the space of 1 1 tuning-fork vibrations 
and therefore took sec. to complete itself. 

There are not o^y musical instruments made 
from vibrating rods. The triangle is rather like 
the tuning fork, but its shape makes it vibrate in 
a very complicated way, so that it gives a mixture 
of notes. Thexylophone is a set of rods, usually of 
wood, balanced on two supports. These vibrate 
up and down. They would make very little noise 




Fig. 233. — Sing 


Single 
unit of xylo- 
phone. A bar of 
wood or metal 
is struck by a 
hammer and so 
caused to vibrate 
over a pot-shaped 
resonator wmch 
intensifies the 
sound. 
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if there were not under each of them a pot-shaped vessel which 
we call a resonator. 

RESONATORS 


Nearly every musical instrument has a vibrating part to make 
the sound, and a resonator to increase it and modify its tone. Thus, 
in a violin the strings vibrate and the belly of the violin is the 
resonator. In a clarinet the reed vibrates and the “horn” is the 
resonator. So, before we discuss musical instrtunents, we must 
say something about resonance. 

If you have a tuning fork, best of fairly high pitch, and a tall 
vase, you can try this experiment. Sound the fork and hold it 
over the vase while you slowly pour in water. At a certain point 
the fork will suddenly sound much louder. What has happened 
is that the air in the vessel is vibrating in time with the fork. 

Imagineavery light 


piston fitting without _ — — 

friction in the neck of — ~ 

a vessel of air I. If j 

you pushed it doum. „ V iv vil vra K X 

the ait would he com- rf co«U . 

pressed, II. If you let resonator, 
it go, the piston would 

spring up like a jack-in-the-box. III, overshoot the mark rV’,and 
vibrate up and down, V, VI, etc., till friction stopped it. Clearly, it 
would not be the piston (which has no spring in it), but the air 
which would be vibrating. Sotheairinavesselcanvibratebyalter- 
nately being compressed and e3q)anding. Now if the tuning fork 
vibrates in the same period as the air in a vessel beneath it, each 
time the air goes down the vessel, the tuning fork arm gives it 
a kick behind and sets it swing^g strongly. The best resonators 
have narrow necks; by singing O — 0—0 — OO into the neck 
of an empty milk bottle, you can soon find the note at which it 
sings back again owing to resonance. 

The chief task of the designer of a musical instrument is to 
make the resonance cavity of such a shape and of such materials. 
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that the right harmonics of the vibrator are encouraged and the 
wrong ones repressed. No one really knows how to do this; if 
they ^d, Stradivarius violins would no longer be worth thousands 
of pounds. 


STRINGED INSTRUMENTS 

Perhaps the most important set of instruments are the stringed 
ones. Ihese all have stretched strings or wires as vibrators, and 
they are set vibrating by striking ^iano), by plucking (harp, 
guitar, harpsichord), or by bowing (violin, violoncello, etc.). 

A string is made to vibrate the more quickly by increasing the 
restoring force, the tension puUing it back; on the other hand, 
the greater the weight of the string the more slowly it vibrates. 

The first of these rules you can easily test by twanging a 
stretched rubber ring. The more you stretch it, the higher the 



Ftc. 2}5. — The positions taken up by a plucked 
string as it vibtates. (Courtesy of Messrs, ^watd 
Arnold and Professor Richardson, from the latter’s 
Anustitt of Onbutrd Itutnumts.) 
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note. The second fact you can see used in any piano. The bass 
strings are wound round with copper wire to make them heavy 
and slow in vibrating; slackening the tension of strings would 
have the same effect of lowering the pitch, but would greatly 
decrease the amount of sound and the brilliance of tone. 

In order to play a tune on a string, you must be able to vary 
the pitch so as to get a number of notes, unless you have one 
string for each note as in the piano. It is not practicable to alter 
the pitch by altering the pull on the string. It is possible, however, 
to alter the length, and this is what is done in the violin and other 
similar instruments. By fingering, the length of the vibrating 
string is altered. The tension remains the same, but since the 
weight of string is less, and the distance the wave has to nm 
along it is less, the rate of vibration is quicker. 

A plucked string is pulled into a shape like Fig. 23 5 (1). Two 
things happen when it is released. The angle A- straightens out 
and so two angles run up and down the string from end to end 
in opposite directions. 

The string thus at onetime or 
another covers all the positions 
of the shaded portion of Fig. 236 
(i). If you twang a string, you 
see a figure like this, which is a 
blurred impression of all the 
positions a string takes up. 

Now the string (the picture in 
Fig. 233 is made from a violin 
string sounding B", which 
makes 995 vibrations a second) 
goes through all its vibrations 995 times a second. How is it then 
that the string sounds not only the pure B", but a whole 
series of fainter and higher notes — the overtones? The 
reason is that a string can vibrate in more than one way. 
It can go through all the positions shown in Fig. 236 (i), but 
it can also go through all the positions in Fig. 236 (2), or 
Fig. 236 (3). Now, the speed of vibration depends &st on the 



COE 

Fig. 236. — Modes of vibigtion of a 
stretched string. 



400 


The World of ScUnee 


testoting foxce, which is the elastic pull of the string (this is the 
same, however, in whatever way tie string is vibrating), and 
secondly, on the length and weight of the part being pulled back. 
Now the weight of the string A B is clearly twice that of the 
part C D; so C D and of course D E vibrate twice as fast as A and 
thus sound the octave. Now, a violin string vibrates in all the 
ways shown in Fig. 236 at once and, to a smaller extent, in several 
others as well. 


In Fig. 237 (A) we see a curve 
representing the rarefactions and 
condensations in an actual sound- 
wave from the violin sounding 
B". The peaks represent con- 
densations of air and the valleys 
rarefactions. It must not be for- 
gotten that the teal wave has no 
humps or hollows. A hump is 
simply a pictorial way of 
shv>wing air at high pressure, 
and a hollow, air at low 
pressure. The shaded band 
perhaps gives a better notion of 
the alternate waves of crowded 
and rarefied molecules, but for 
scientific purposes the curve is 
preferable because it can be 
treated mathematically. The 
three curves below (i, 2, 3) 
show the same thing for the 
three different waves the string is sending out by vibrating in 
the three different ways shown in Fig. 236. These three waves 
aU combined make up the curve (A), which is the characteristic 
shape for a violin note. A piano note would show another and 
different set of humps and valleys. 

A string may be set vibrating in several ways. A harp, banjo, 
guitar or ukulele is plucked, a piano string is struck with a hard 



Fig. 237. — ^Thc note of a violin. 
Above the compressions (dark) and 
rarefactions light. Bdow tlie 
sound-wave (A) analysed into its 
component vibrations, i, 2, 3 (lower 
portion after Prof. D. Clarence Miller, 
&om his Science of Musical Sounds 
(Macmillan, New York.)) 
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felt hammer; both these ways of sounding a stdng cause many 
of the very short waves — ^high harmonics — to be heard, which 
give the note a more metallic or beU-like quality. The violin, 
viola, ’cello and double bass are set in vibration by bowing. The 
bow is well known to everyone. Its material is horsehair rubbed 
with resin, which makes it stick more firmly to the string. 

A bow sets a string vibrating because it takes more force to 
overcome the friction between two things relatively at rest than 
between two things that are moving. 

If you sit on a pknk and the end is cautiously raised as high 
as is possible without making you slip, you can sit there as long 
as you like and the static friction will hold you up, but let a slight 
push start you moving and you will continue to slide, for the 
dynamic friction is smaller and will not stop you. 

Now suppose a bow is being pushed across a string. The bow 
and string move as one as long as the static frictibn keeps them 
together, but when the string has been forced a certain ^stance, 
it slips and the smaller dynamic friction will not hold it. Thus it 
springs back past its normal position until it has slowed down 
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Fig. 258. — How the bow keeps a string vibrating. 
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enough fot the friction of the how to catch it and carry it forward 
again. 

A bowed string is then pulled by the bow into a shape like 
Fig. 235 (i). The vibrations excited, tun up and down the string 
rather as shown in Fig. 235 (2, 3, 4, etc.). All this happens too 
quickly for the eye to see unaided, but ihere is a simple gadget 
called the stroboscope which enables us to see a ’cello string in 
slow motion with waves crawling up and down it in an uncanny 
fashion. It is an experiment so well worth doing that it may be 
described here. 

We cannot possibly see what happens in each vibration, for 
the eye combines into a single blur events which succeed each 
other more rapidly than at intervals of about -x\th of a second. 
Now each vibration is just like the one before it. Imagine the 
vibration divided into 5 o parts and taking place 200 times a second. 
The stroboscope shows us the first part of ^’ibration (i), the second 
part of vibration (2), and so on up to the fiftieth part of vibration 
(jo). The eye combines aU these glimpses and so sees the whole 
fifty stages as if they were one spread over ^Ijoths — one-quarter — 
of a second. 

Get a small electric motor — a toy one will do — and cut a circle 
of stiffish paper with a dozen “windows” in it. Glue this to a 
cork, which can be perforated with a gimlet and thrust over the 
axle of the motor. This is not as simple as it sounds, but a little 
“messing about” will do the trick. Now cut a single slit in a 
sheet of cardboard and with a rubber band clip it to a brick and 

stand it in front of the 
revolving disc of paper. 
When the motor is 
running, say at 20 re- 
volutions a ■ second, 
you will get 160 
glimpses a second as 
tile holes in the disc 
pass the hole in the 
sheet. Now, suppose 



scxii^ in slow motion. 
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you look at a stiing vibrating i6i dmes a second. The 
first glimpse lasts only for less than a thousandth of a 
second, so we see the string, as it were, standing still at the 
beginning of its vibration. When the next gUmpse arrives, x 
second later, the string will have done a complete vibration and, 
since it does this in x^rx^ of a second and x^o^ second has 
elapsed, it will have got about the way through the 

next vibration. When the next gUmpse arrives, die string will 
have done another whole vibration and xyyth of another, so it 
will be a little further ahead still. So each glimpse shows the 
string a little further across its path and after i6o glimpses — one 
second — you will have seen it successively at each stage of its 
vibration. The eye combines these i6o glimpses and consequently 
sees the string slowly wriggling once a second. 

Now it is necessary that the glimpses should come at nearly, 
but not quite, the same interval as the vibrations, so the speed of 
the motor must be suitably regulated. A sliding resistance can 
be used, but by pressing the axle with a pencil it is possible 
to regulate it after a fashion. The experiment is well worth 
doing, though with this simple apparatus it may be troublesome, 
/lil sorts of vibrating bodies — tuning forks, strings, drops of 
water falling from jets — can be observed through the strobo- 
scope. 

The vibrating string is by no means the whole of a stringed 
instrument. The hollow box-like part of a violin or ’cello is its 
resonator; and without this there would be hardly any sound at all. 
The string as it vibrates pulls the bridge towards itself and so 
bends the sounding-board, which is thus set vibrating. Since 
almost all the sound comes from the belly of the violin, it is most 
important that it should be so designed that it naturally vibrates 
with aU the frequencies of the fundamental and harmonics of the 
strings. A bad violin picks out some one or two frequencies of 
the strings and emphasises them. Practically the whole art 
of the violin or ’cello builder lies in the building and design of 
the belly. 
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VIBRATING PLATES 

Vibrating plates are not greatly used as musical instruments. 

The only musical vibrating plates are gongs which vibrate in 
a most complicated way and produce a very rich musical noise 
so full of harmonics as hardly to represent any single given note. 

Bells are ready bent plates. They are struck by a clapper, 
which bends their opening from a circle to an oval. This springs 
back to a circle, but overshoots the mark and makes an oval 
pointing the other way and continues to do this until friction 
makes the vibrations die away. 

The vibrations are, like those of a gong, very complicated. 
As musical instruments, they leave much to be desired, because 
their harmonics are always discordant to some extent and they 

vw^'VVVv 

Fig, 240— The curve representing the sound-wave emitted by 
a bell. It Is iion-peiiodic and so emits no definite note. 

(Courtesy of Professor D. Clarence Miller, from his Scitna 
of Musical Sound, (Macmillan, New^York.)) 

hardly produce any definite note. Fig. 240 shows a curve drawn 
from a bell’s note. It does not really repeat itself at all. Bells 
produce sounds of great intensity. As I write this, 1 can hear 
St. Paul’s striking the hour a mile away; very few musical sounds 
could carry such a distance. 

A plate forced to vibrate in a period which is not its natural 
one is the foundation of the electric horn. This is practically 
an electric bell, the spring arm of the bell being replaced by a 
vibrating plate. In the horn shown in Fig. 241, the current 
passes first through the contact breaker, then through the coils 
of an electromagnet. The current energises this. The armature 
is therefore attracted by the electromagnet and pulls the diaphragm 
inward. As the armature is drawn to the magnet it presses down 
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the spring which holds the right-hand side of the contact breaker 
and so breaks the circuit. The electromagnet ceases to attract 
the armature and the guide spring pushes the latter back again. 
Tliis lets the contact-breaker close once more and the whole 
process is repeated. Thus armature and diaphragm fly in and out 
some hundreds of times a second. The “tone disc” suppresses 
certain harmonics and encourages others — so modifying the 
quality of the note. 



Fig. 241. — ^An electric horn. (Courtesy of Messrs. Joseph Lucas ) 


The plate as it is drawn back and forth by the magnet gives 
a loud note. The harsh tone of many electric horns is caused 
by the natural period of the plate being out of tune with that 
imposed on it by the spring. 

WIND INSTRUMENTS 

In all wind instruments it is a column of air that vibrates and 
gives the sound. The simplest of all is the organ pipe which 
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sounds only one note. The otgan pipe and the whistle, which is 
only a very small organ pipe, ate worked by the rather mixed 
and indefinite note which is always heard when air rushes 
through a slit or jet: this note is used to set a column of air 
vibrating. 

An organ pipe is shaped as in Fig. 242. Some pipes are open 
at the top, others are closed. The closed ones are the easier to 
understand. 
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A current of air from a bellows or fan 
passes through a slit and strikes an edge 
just above it. 

Now when air blows rapidly from a fine 
slit against a sharp edge, it forms a regu- 
lar stream of little whirlpools of air. The 
pressure in these will be a little less than 
outside, so a succession of regions of high 
and low pressure travel into the organ 
pipe. Now if the column of air in the pipe 
vibrates in the same period as the interval 
between the little whirlpools, these will 
give it the necessary kick to keep it 
vibrating; the column of air in the pipe 
soon vibrates very strongly and sends 
powerful sound waves out of the opening 
in front. These waves now begin to con- 
trol the “whirlpools” of air and make 
them appear at the rtgif intervals to keep 
the air vibrating in the pipe. 

The rate at which the air in an organ pipe vibrates depends on 
its length; an organ pipe closed at the top gives a note with 
wavelength four times its own length. Thus a closed organ pipe 
thirteen inches long gives a note with wavelength j2 inches — 
middle C. 

The closed organ pipe gives a poor tone lacking in harmonics. 
The open pipe as used in most organs gives a note with wave- 
length twice its length. Ihus a 2' 2” pipe sounds middle C. 


AIR 

FROM BELLOWS 
Fig. 242. — ^Thc organ< 
pipe. 
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The biggest open pipes used, 34 feet in length, sound a funda- 
mental note of only 16 vibrations a second, which is hatdly heard 
as a note at all. Its harmomcs ate of course higher and audible 
as musical tones. The smallest organ pipe is a whistle. If one 
blows into a key one’s mouth represents the organ pipe slit, 
the edge of the key the edge above the slit and the hollow of 
the key a closed organ pipe. If the key-hole is half an inch 
deep, the note sounded will have a two-inch wavelength, which 
means about 6000 vibrations a second, between 4 and j octave^ 
above middle C. 

The flute, fife and piccolo are really open organ pipes, of which 
the effective length can be altered by opening and closing holes 
in the side. An open hole releases the changes of pressure in 
the vibrating air and so the resounding column has the length 
from the mouthpiece to the first open hole. 

All other wind-instruments have a reed^ a tongue of metal or 
cane made to vibrate by the air blown through it by the player. 
A “reed” can be seen if the ordinary bulb motor horn is un- 
screwed. 



Fig. 243. — 'rhe Clarinet, a reed iiwtrumcnt. (Below) Section of 
reed (white) attached to mouthpiece (blade), (Above) The 
instrument showing keys by which holes can be opeii^, so 
shortening the vibrating column of air. 


The tongue of the reed vibrates and so sets a column of air 
vibrating in a tube, and once the air is vibrating it keeps the reed 
vibrating in the same period as itself. The player’s breath just 
reinforces the reed’s motion, so that the vibrations do not die 
away. The clarinet, oboe, bassoon and saxophone ate instruments 
of this kind. They all have a reed and a tube with holes, which, 
just as in the flute, settle how long a column of air shall vibrate. 
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“Overblowing” (blowing harder than usual), will cause the air- 
column to vibrate in two portions at twice the pace — ^which 
makes the note an octave higher. 
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Fig. 244. — ^Ttufflpetsoundinjg c, g, c' (top). The air column 
▼ibtates in 2, 3 and 4 portions respectiyely {rf. Fig. 236). 
At the points N the air is still, and at L, most strongly 
vibrating: the distance L N in each case is length 

of the vibiating column. 


The brass instruments employ the lips as a “reed” to set an 
air-column vibrating. If the lips are closed tightly and air is blown 
through them, the air separates them and escapes, the pressure 
then falls and the lips close again, the air again separates them, 
and so on. When a player blows a trumpet (or bugle, cornet, 
trombone, tuba, etc.) he presses his lips together with the tight 
degree of tightness to make them vibrate at nearly the same 
frequency as the column of air in the trumpet. It nught be 



Fig. 245. — ^The ttombone, a trumpet of which thelenglhand 
characteristic pitch can be varied by sliding telescopic tubes. 
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thought that a trumpet, since it is a plain tube, could only sound 
one note. Actually the air can vibrate in it in several diflferent 
ways, and it can give not only its fundamental note but any one 
of a limited number of higher harmonics; it is made to do this 
by the player pressing his 
lips together with the right 
d^tness to make them 
sound the harmonic in 
question. 

If a large number of 
notes is wanted, the length 
of the tube must be varied. 

A trombone does this by 
a slide (Fig. 245), but most 
brass instruments . have 
valves (Fig. 246) by which 
the column of air may be made shorter or longer. 

REPRODUCTION OF SOUND 

All the instruments we have mentioned produce a musical note 
with a pitch corresponding to the particular period of their own 
vibrator: string, air-column or the like. 

There are a number of instruments — gramophones, telephones, 
loud-speakers — the object of which is to reproduce sound as 
exactly as possible. The ordinary musical instrument is designed 
to vibrate freely in its own period and to resound freely to the 
most pleasant overtones: die reproducing instrument, on the 
other hand, must have as little tendency as possible to vibrate 
or resound — for otherwise it will superimpose its own tone on 
the music or speech to be reproduced. 

Enormous ingenuity has been exerted in producing exact 
reproduction of speech and music; the result is now very near 
perfection. 

First of these instruments, let us consider the telephone. The 
instrument consists of a transmitter in whidh sound-waves cause 



Fig, 246. — ^Thc comet. The length of the 
vibrating column between mouthpiece and 
bell is alteted by the valves which inter- 
pose between them further tubes or **crooks*’ 
of various lengths. 
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v^iations in an electric current. This travels through yards or 
miles of wire to a receiver in which the varying electric current 
moves a plate which sets fresh sound-waves in motion. 

The telephone transmitter, then, is designed to turn the 
variations of pressure made by sound into variations of electrical 
potential. 



Fig. 247. — ^Tfansmitter (right) and teceivet (left) of telebphone (couttcsy of 
G.P.O.). 


Fig. 247 represents the P.O. pattern of transmitter (right) and 
receiver (left). The transmitter consists essentially of a thin 
conical aluminium diaphragm D on which the voice impinges. 
This disc carries a piston which presses against a number of 
little grains of carbon (Ca) and a current supplied by a battery 
passes through these. When these are pressed together, they 
conduct better than when they are lying loose; consequently 
each compression wave of the sound momentarily increases the 
flow of electricity through the whole circuit. An exactly similar 
current is caused to pass through the listener’s receiver, a small 
permanent magnet (M) attracting a thin iron plate (P). A coil (Q 
is wound on this permanent magnet so that the currents, as 
they pass, increase or decrease its magnetism — just as they 
would magnetise an ordinary electromagnet. As its magnetism 
increases and diminishes, so its attraction on the plate increases 
and diminishes and the plate moves backward and forward 
in time with the variations in current, which again are in time 
with the speaking voice. Thus the plate of the receiver must 
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vibrate in just the same way as that of the transmitter. 

The complicated parts of a telephone service are the exchanges 
by which any one of some thirty million of the world’s telephones 
can be connected at will to any other. 

First of all, in order that we may see how the current flows, let 
us suppose the connection at the exchange is made. In Fig. a48 
is shown the wiring between the two subscribers and the exchange. 



omitting any indication of the manner in which the subscribers* 
lines are connected by the operator or automatic relays. The 
coils, I, 2, 3, 4 are actually wound on the same iron core. This, 
therefore, acts like an induction coil (p. 000): the varying current 
in I and 2 resulting from the first subscriber’s speech induces an 
exactly identically varying current in coils 3 and 4, and therefore 
in the second subscriber’s circuit. The central battery (22V.) 
works all the circuits of the exchange. Suppose the left hand 
subscriber rings up. His receiver hook (above A) rises and 
completes die circuit to the exchange. The current flows through 
coil I to the relay at the exchange, where it operates the lamp 
which tells the exchange that it is being called^ It then passes 
over the miles of line between the exchange and the subscriber 
and passes via the lyw coil through the transmitter and back. 

iJn a manual ezcbaoge. 
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Contacts to which 
are connected lines 
leading to the next 
set of switches. 



Scleriing wiper which is 
stepped up to any one of 
the ten levels and rotated 
to select any contact or 
line on the level con- 
cerned. 

Fig. 249. — Principle of the selector. (Courtesy of the G.P.O.- 
Crown Copyright). 


(The current also passes of course through the receiver, the coil 
z 6 w and back again.) The exchange now makes the connection 
to the subscriber who is being called and sends an alternating 
current through his line. Now a direct current cannot cross a 
condenser (Fig. 248, zMf) but an alternating current can: so 
the alternating current passes round the extreme right hand 
circuit and causes the bell (not shown) to ring. The called 
subscriber lifts his receiver: the hook (above B) flies up and connects 
his microphone and telephone circuits to the battery. Now any- 
ihing subscriber i says makes the current in the left hand circuit 
vary in time with his voice vibrations: this induces an exactly 



Fig. 2]o. — ^How the tbousa^s, hundred* and tens-and-units ate niccessiTely 
selected in tbe automatic ezdiange. (Gsiutesy of the G.P.O. — G»wn 
Copyiight.) 



CALLING SUBSCRIBER 


CALLED SUBSCRIBER 



Fig. 25 1 . — Showing 
the complete series 
of connections on 
automatic exchange. 
LS» line selector. 
Tst S» thousands 
selector; 2nd S,hun-* 
dieds selector; FS, 
final selector (tens 
and units). (Courtesy 
of the G.P.O. — 
Crown Copyright). 
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similar current in the right-hand circuit. This, passing through 
the receiver, is heard as speech. Anything subscriber a says makes 
bis current vary, so inducing an exacdy similar variation in 
circuit I. This after passing through the receiver in circuit i is 
heard as speech. This account is not, of course, the whole story, 
but it explains the main principles. 

The automatic system of connecting any two subscribers is 
fairly simple in principle, though the actual apparatus employed 
is very complex. Brie%, a dial sends out a particular set of signals 
depending on the figure to which it has been moved. Thus 6 
on the dial sends six equally spaced pulses of current to the 
exchange. These pulses operate selectors (Fig. 250). Let us sup- 
pose the number dialled is 2346. The dialling of the first figure 2 
sends two pulses which have the effect of lifting a “wiper” 
(Fig. 250) connected to the calling subscriber to level 2000. The 
wiper then moves round a series of contacts until it “finds” one 
which is disengaged. This latter contact connects the subscriber 
to a second selector on which are all the lines between 2000 and 
2999. His next act is to dial “5.” This moves the wiper of the 
second selector to level 500 and it moves like the otlier over the 
contacts till it finds one disengaged. This last contact connects 
the caller to a third selector. On dialling the third number “4” 
the wiper of this rises to the 40 level and on dialling the last 
number “6” the wiper travels round the level to the sixth contact 
to which is connected number 2346 line. The system for dialling 
the exchanges is an extension of the above system for dialling 
the numbers. 

Fig. 2j I gives more details: LS is the line switch which searches 
for a disengaged selector and connects it up to the caller: ist S, 
and S, F.S., are the Thousands selector. Hundreds selector and 
Final Selector, which find the individual circuit called and connect 
with the called subscriber. 

The gramophone, a few years ago, was quite a simple instm- 
ment to explain. To-day, however, such complicated electrical 
machinery is used both in recording and reproducing, that the 
explanation that can be given in a book of this size must confine 
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itself to the simple principles of the subject. 

The gramophone record is a crooked groove whose waves 
reproduce by their sinuosities the compressions and rare&ctions 
of a sound wave. A modern record is made by a very intricate 
process, the outline of which is as follows: 

The music to be recorded is performed in a sound-proof 
studio in front of a microphone which is a modified telephone 
transmitter. Just as in the telephone circmt, minute electrical 
currents are formed which are greatly ma gnifie d by a valve 
amplifier working on the same principle as that of a wireless set 
(p. 503). The magnified current is then passed into the recording 
box of the recording machine. Plate XX shows the recording 
machine as used by the Gramophone Company for H.M.V. 
records. A turn-table like that of a gramophone — but more 
heavily built — revolves at an extremely constant .speed. On it is 
mounted a disc of wax. In place of the sound box of the gramo- 
phone is a recording box in which the varying currents from the 
transmitter operate a magnet which pulls a sapphire-pointed 
needle to right or left in time with the current’s pulsations. 
The recording box slowly moves inward and consequently the 
sapphire point cuts a spird line which, however, is not a smooth 
spiral but is distorted into minute waves reproducing the form of 
the note. Plate XX shows a microphotograph of part of a gramo- 
phone record. As many as six discs may be recorded in order 
to get a perfect performance. The wax disc is then coated with 
an extremely fine metallic powder. This enters every groove 
and recess and makes the disc a conductor of electricity. It is 
placed in a bath of copper sulphate and connected to the negative 
pole of a battery, a copper plate being attached to the positive 
pole (p. 501), In this way a coating of copper is plated on to 
the disc; when it is thick enough, it is stripped away from the 
wax and forms an exact mould of its surface; instead of the 
grooves on the original wax, there are now ridges. From this 
shell of copper there is made (by plating processes Uke that 
already described) a hard steel model exactly like the copper 
shell. Two of these are mounted in a powerful hydraulic press. 
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A piece of gramophone record material — a complicated mbcture 
of resins, etc. — ^is warmed till soft and squeezed between the two 
steel discs. They are heated by steam, then cooled by water to 
harden the disc, which can be lifted out when the press is opened. 
It only remains to smooth the edges and pack it. 


Dm 



Fig. 252 — Governor of gramophone motor (courtesy of Messrs. 
l>ec^> Ltd.). 


The gramophone on which the record is played consists first 
of a turntable. This may be driven by cloclwork or electricity, 
but in either case must have its speed very carefully regulated. 
If the gramophone is to sound the same note as the artist sang, 
it must obviously turn at the same speed as that of the turn- 
table of the original recording machine. This is accomplished 
by gearing to the motor a governor (Fig. 252), which consists 
of ^ee balls hung on springs. As this rotates, the balls are 
driven outwards centrifiigally and so draw the “disc” to the 
right; the disc operates a brake which slows the mechanism. 
This governor keeps the turntable moving at any required speed. 
The sound-box may be either electrical or mechanical. In either 
case it carries a ne^e which lies in the groove of the disc and 
which is moved from side to side as it follows the curves of the 
sound-track. In the mechanical type (Fig. 253) the needle fits into 
the stylus-bar which moves on a pivot and is connected at the 
other end to a springy diaphragm. The motions of the needle ate 
therefore followed by those of the diaphragm, and the air within 
is set in vibration. The vibrations are rather feeble as yet, so the 
sound is made to travel through a horn most carefully designed 
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to tesoand to all fte- 
quendes. Fig. 254 Rubber 
shows the horn of a so- 
called hornless model. 

The electrical pick- 
up is now much used. 

The record sets the Diaphragm 
needle vibrating in the 
same way as in the 
mechanical sound-box, 
but instead of moving 
a diaphragm moves an 
iron armature near the 
poles of an electromag- 
net. This alters the 
magnetisation of the 
electromagnet and so 
generates electric cur- 
rents varying in 
strength with the mo- 
tions of the needle 
and therefore with the 

curves of the record „ , 

^ Fig. 25). — Giamophone sound-box (couttesy of 
groove. This current Mcssm. Decca, Ltd.). 

goes to a loud-speaker 

(an amplifier and exaggerated telephone receiver). The advantage 
of the electrical pick-up is that the needle exerts little force and so 
there is little wear on die record and hardly any sound of scratch- 
ing. The quality of reproduction depends entirely on the loud- 
speaker portion and can be much better or much worse than that 
given by the mechanical sound-box. 

The loud-speaker is an instrument designed to convert into 
sound electrical impulses, such as are obtained by amplifying a 
telephone or wireless receiving-set current. The essential of a good 
loud-speaker is that it should reproduce both high and low notes 
equally well. Thus, a telephone receiver, for example, will not 
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Pig. 254. — ^The horn of a so-called hornless giamophooe. 

(Cjuftesy of Messrs. Decca, Ltd.). 

do. Its small and stiff diaphragm has a natural high period of 
vibration and so gives a squeaky tone to everything it utters. 
The vibrating part of a loud-speaker should dierefore have a 
natural period of vibration (if any) much greater or much smaller 
than the human ear can appreciate and it should respond to high 
and low frequencies alike. 

The moving-coil loud-speaker has a flat cone of parchment, etc. , 
attached to a coll of wire through which the varying current flows. 
This coil hangs in a powerful magnetic field. As we. have seen 
a wire bearing an increasing or decreasing current moves in a 
magnetic field, and the greater the variations of the current the 
greater the movement. Consequently the coil and cone vibrate in 
time with the variations of die current passing through them. 
Such an arrangement (Fig. 255) gives an almost perfect repro- 
duction of sound. 
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ULTRASONIC WAVES 

Gjmpression waves of gteater frequency than 20,000 pet 
second and wave-lengths of less than half an inch cannot be heard 
by the human ear. Dogs are thought to hear higher notes. Soimd 
waves of higher frequency than this (20,000 to 1,000,000 vibra- 
tions per second) are called ultrasonic. These waves are not only 
interesting but are of practical advantage. Just as the short-waved 
light can be projected as a sharp beam and long radio waves 
cannot, so ultrasonic waves can be projected in a beam while 
sound cannot. This is the reason why ultrasonic waves are used 
in the echo-sounding apparatus described on pp. 388-389. 

It will be obvious from what is said on p. 368, that to produce 
these very short waves the vibrator must have an enormous 
“restoring-force,” and not too great a mass. The vibrator is 
usually a piece of quartz or steel. A short column of air in an 
organ pipe or whistle may vibrate 1000 times a second. A column 
of steel of the same dimensions set vibrating will have roughly a 
million times the restoring force and a thousand times the density 
of the air: the effect is that it vibrates vastly quicker. How can we 
set a short piece of iron vibrating? If we make an iron rod into 
a magnet, it becomes slightly shorter, presumably because its 
molecules all attract each other. So, if we send an alternating 
current through an electromagnet and make the oirrent alternate 
in the vibration time of the iron — ^perhaps 100.000 alternations a 
second would be suitable — the iron core will be kept vibrating 
in its natural period. Alternating current of suitable frequencies 
can be got by discharging a condenser, much as in the old- 
fashioned spark radio-transmitter (p. 300). 

The amount of energy these waves carry is much greater than 
tliat of sound waves. If a glass rod is made to vibrate vigorously 
at ultrasonic frequencies and is then held between the finger and 
thumb, it burns the skin. If water is set vibrating at these fre- 
quencies, small fishes or frogs, algae, infusoria, etc, may be killed. 
An animal exposed to them shows marked destruction of the 
blood corpuscles. 
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Ulttasonic waves ate ttansmitted very much as is light: they 
cast shadows, can be teftacted, readily give intetference efiect, 
etc. Their chief practical value is for underwater signalling and 
echo sounding. An ingenious apparatus, on the same principle 
as the echo sounder, has been devised by which icebergs can be 
detected at a distance, even at night or in fog, by their reflecting 
a beam of ultrasonic waves sent out from a ship. 



CHAPTER XV 


Light Waves 


ELECTROMAGNETIC WAVES 


T he greatest group of radiations or waves is the family of 
electromagnetic waves which include “wireless-waves,” 
light, X-rays, etc. It is rather important to understand what an 
electromagnetic wave is. It is not a travelling alteration of the 
shape of a surface like a water-wave, nor is it a travelling com- 
pression of a material like a sound-wave. It is a moving electric 
and magnetic field travelling at the vast speed of 186,300 miles a 


second. Let us try to form a clearer picture of this electromagnetic 
wave. The first thing to grasp is that an electric charge, when 
speeding up or slowing down, causes a magnetic field of force 
to be produced, and that an increasing or diminishing magpetic force 
likewise induces an electromotive force. It has been proved, by 
experiment, that the attraction of a magnet is not instantaneous. 
It travels with the same speed as light (186,300 miles a second). 
Thus, if a vast electromagnet were suddenly switched on, it 
would not begin to attract an iron meteor, hanging in space 
186,300 miles away, until one second had elapsed. 

Suppose we have a rapidly varying electric field such as might 
j,x be caused by an oscillating 
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electric charge. As the electric 
charge varies, so a varying 
magnetic field will- be pro- 
duced. Consequently Fig. 256 
gives some notion of what is 


Fig. 2]6.— Diagiam iU^ustiating m elec- happening in an elcctromag- 

ttomagneUc wave. The wave-lines ate ° , , Y 

graphs showing how the strength and netic wave such as light. As 

direction of the electric and magnetic thewavetravdsinthedirection 
forces vary: in the actual radiation . . . i i i * 

there is nothing shaped like a wave, ^ SO the electric neld (plain 
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line) rises and falls, while the magnetic field (dotted line) rises and 
falls in time with it. The direction of the magnetic force is at right 
angles to that of the electric force. There is really nothing at all 
going up and down in the wave. The wavy lines are simply graphs 
showing how powerful the electric and magnetic forces are at each 
point of their travel. Thus there is, in the wave, a magnetic force 
rising and fdling like a wave and an electric force rising and 
faUing in the same way in time with it. The thing, then, to remem- 
ber about wireless waves, light. X-rays, etc., is that they arc 
streams of pulses of electric and magnetic force. . 

Sound-waves require matter to transmit them. Electro- 
magnetic waves pass unhindered throhgh a vacuum. Arc 
these waves carried by anything or can the pulses of magnetic 
and electric force travel through nothingness? At one 
dme it was considered that force could only apt through a 
material medium of some kind and so an “ether” was invented, 
filling all space, so that these forces should have something to 
act upon. No one found any direct experimental evidence that 
this ether really existed, and though it is very difficult to picture 
a force acting in emptiness, it is unscientific to invent an “ether” 
for this reason alone. All attempts to prove the existence of an 
ether give negative results, a fact which makes us strongly 
suspect that the “ether” is not there at all. 

THE DIFFERENT KINDS OF ELECTROMAGNETIC WAVES 

These electromagnetic waves may, as far as we know, be of 
any wave-length and frequency. The longest we can detect are 
of the order of some miles, the shortest are as small as the 
thirtieth part of the diameter of an atom. We group sound waves 
into a “scale” with the shortest wave lengths and highest fre- 
quencies at the top. As we go up the scale, each time the frequency 
is doubled we say we have traversed an octave. 

The frequencies of light waves are much greater than those of 
sound waves. Since light travels 30,000,000,000 centimetres a 
second, the number of waves per second (frequency) will be 
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30,000,000,000 divided by the length of the wave in centimettes. 
The wavelength is the usual way of expressing the type of electro- 
magnetic wave, but the frequency in cycles (waves per second) 
or in kilocycles (thousands of waves per second) is often used. 

The table below shows the scale of electromagnetic radia- 
tions. It extends over some 60 octaves, of which the eye can 
detect but one. The most important part is near the frequency 
of light and this part of the scale is reproduced in enlarged form 
on the opposite page. 

ELECTROMAGNETIC WAVES 


Typi 

of 

Waue^ 
Imgth 
A.U. - 

TiitSriAoOiTO 

E^requenty 
(vibrations 
per sec ^ 

Sourco. 

Behaviour, 

7-fay8 

0.03 to 1.4 
A.U. 

10*® to 
2X10** 

Explosion of 
the nuclei of 

1 atoms. 

Invisible. Like very pene- 
trating X-rays. 

X-tays 

0.5 to 
1000 A.U. 

6 X to 

3 X 10^® 

Bombardment 
of matter by 
electrons. 

Invisible. Penetrate all 
kinds of matter. Are not 
normally reflected or re- 
fracted. 

Ultia-violet 

light 

25 to 
4000 A.l{. 

10^7 to 
8X10^* 

Glow of ion- 
ised gases 
and hot 

bodies. 

Invisible. Chemically 

active. Are reflected and 
refracted. Affect photo- 
graphic plates. 

/blue 

Light { yellow 
'red 

4000 

to 

8000 A.U. 

8X1015 

to 

4X10I* 

Glow of ion- 
ised gas and 
hot bodies. 

Visible. Easily reflected 
and refracted. Aflects 
photographic plates. 

Infra-red and 
‘^residual” 
rays 

8000 to 
4,000,000 
A.U. 

4Xioi^ 

to 

yxic^^ 

Radiation 
from hot 
bodies. 

Invisible. Affect photo- 
graphic plate very 
slightly. Do not at all 
easily penetrate matter. 

Heit2iao 

waves 

10* to 
3x10^ 
(t'o mm. to 
20 miles) 

3 x 16“ to 
10,000 

Spark dis- 
charges. Os- 
cillating 
valves. 

Invisible, No eflect on 
photographic plate. Not 
easily reflectea. Will set 
electrons moving. 

Slow oscil- 
lations 

3 X to 

3Xioi^ 
20 to 
2000 miles 

10,000 
to 100 

Coil rotating 
in magnetic 
field 

Mechanical and heat 
ejects produced. 
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Wave- 

length 

in 

A.U. 


2000 


3000 


4000 


5000 


6000 


of 

lion 


Ttans- 
mitted by 


Effect on 
photo- 
gtaphic 


Bfiect on eye 


Other effects 


plate 


Far 

ultra- 

violet 


Quartz 


Not present in suo^s 
rays. Cause serious 
bums 


Middle 

ultra- 

violet 


Also 

by 

Vitaglass 


Near 

ultra- 

violet 


Affect 

ordinary 

plate 


Light 


Glass 
Down to 
20,000 


A,U. 


Invisible but 
destructive in 
excessive 
quantity 


Present in sunshine. 
Giuse sunburn and 
in ‘excessive quan- 
tity inflammation, 
etc Produce Vita- 
min D in skin 


Visible as vio- 
let light 
Visible as blue| 
light 

Visible as 
green light 


Visible as 
yellow light 


Utilised by green 
plants in con- 
verting carbon di- 
oxide and water 
into sugar and 
starch 


7000 


Visible as red 
Ught 




8000 


Infra- 

red 


Affect 

specially 

sensitised 

plates 


Invisible 




Produce sensation 
of warmth 


These radiations seem at first utterly different. We cannot 
perceive waves of radio-frequency at all without some sort of 
detector. Infra-red rays can be felt as “radiant heat.” Light rays 
can be seen. Ultra-violet rays and X-rays are invisible but make 
glass and other things glow. The y-rays of radium are invisible, 
but will damage the skin exposed to them. What have these rays 
in common that we group them as “electromagnetic”? Firstly, 
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they ate all, as far as we know, generated by moving electric 
charges. Secondly, they travel without any material medium; 
thus, unlike sound, they .travel as well, or better, through a vacuum 
as through air. Thirdly, they all, as far as we can tell, have the 
same velocity of about 186,300 miles a second. The great 
difference between them is due to the fact that they travel in 
diiferent-sked quanta or packets (p. 433) and these are capable 
of doing different quantities — and kinds — of work. 

Light nuy be taken as the typical electromagnetic radiation. 
We are all exceedingly familiar with it, and so we will discuss it 
first and then go on to talk about the longer- and shorter- waved 
radiations. 


LIGHT 

From the explanation at the beginning of the chapter it should 
be possible to have some notion of what an electromagnetic wave 
is; the next step is to understand how light is known to be made 
up of these waves. That light is travelling can be clearly seen from 
the experiments (pp. 430-432), in which its velocity is measured. 
Now the only things we know that travel are matter and energy. 
Are light-rays matter? It was thought a couple of centuries 
ago that they were a hail of tiny particles, rather like the cathode- 
rays (pp. 293, 294), which of course were then unknown. Well, 
there is no very obvious reason against this view, provided the 
particles of light had very little weight. An object like a flash 
lamp (sealed to prevent evaporation of liquids or escape of 
gases) does not get measurably lighter as it sliines; so evidently, 
if light consisted of material particles, they would be very small 
ones indeed. 

The chief piece of evidence to the physicist is that light behaves 
and is generated and moves in a way he can predict from calcu- 
lations about electromagnetic waves; but as we cannot follow 
him into these regions, we must be content with something 
simpler. The most convincing piece of evidence is that two 
waves going the same way can cancel each other out and can make 



Ughf Waiits 4Z7 

a calm — ^no wave; but two partieks going the same way can only 
make two particles and cannot cancel. 

If two portions of light can make darkness, it cannot be made 
of particles but must be made of waves. 

Let us see how two sets of waves can cancel. If we set two 
trains of waves travelling from places half a wavelength away, 
the crests of one will be in the troughs of the other and so there 
will be no wave left! 

Plate XXI shows a photograph of ripples on mercury, started 
by a tuning fork. It is easy to see that where a crest meets a trough 
no wave is to be seen. Now we cannot repeat this with two 
lights instead of the two tuning fork styles, because two lights 
do not keep in step like the arms of a fork; but we can show 
it if we use two portions of the same light. 

INTERFERENCE 

The simplest way of showing that this can be done is to blow 
a soap bubble and look at it in light of a single colour. Instead 
of seeing films of colours, the bubble is seen to be mottled and 
striped in black and the colour of the light used. The whole film 
is equally illuminated with light. Yet in some parts of the film 
no light is seen. 

You can see this for yourself by blowing a soap bubble in front 
of a gas fire and then throwing several pinches of salt on the 
red-hot radiants. This gives yellow sodium light which is almost 
all of a single wavelength. A better sodium light is made by 
heating in a Bunsen burner a piece of asbestos string, previously 
dipped in strong brine and dried. 

A simpler way of showing this is to press together two pieces 
of plate glass. Irregular dark and light bands and stripes can be 
seen, though there is nothing there but two pieces of transparent 
glass and a film of transparent air between. 

On the wave theory the light is a succession of troughs and 
crests, really maxima and minima of electric or magnetic force. 
In Fig. a)7 the Ught rays are shown as striped bands, the dark 
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TROUGHS AND TROUGHS AND TROUGHS AND TROUGHS AND 
CRESTS CRESTS CRESTS CRESTS 

RElNfORCE CANCEL REINEORCE CANCEL 

LICI-IT DARKNESS LIGHT DARKNESS 

Fig. 257. — Interference. Li^t is reflected at full strength when reflected 
from Aims of certain thicknesses but extinguished when reflected from 
others^. 

parts representing troughs and the light parts crests. These rays 
are reflected at the top of the film and at the bottom of the film, 
and if these ate ^ or | or wave-lengths apart, no light will be 
reflected.^ If the film surfaces are o, i, i^, or a whole number 
of wave-lengths apart, the troughs and crests will reinforce each 
other and the light will be reflected. For thicknesses of fractions 
of a wavelength like 2| wavelengths, the light will be partly 
reflected and partly not. A soap bubble looks coloured in white 
light because this is a mixture of lights of all wavelengths, each 
wavelength causing in our eyes the sensation of a particular 
shade of colour. If the film at a particular place is of the right 
thickness to “interfere” with, say, yellow light, this will be 
destroyed, but the other coloured lights will not be affected and 
the mixture of all colours but yellow reflected back to the eye, give 
it the sensation of violet. As the soap bubble changes in thickness, 
so the colours change too. 

This interference gives us a way of measuring the wavelength 

^ This indicates the prinriph of inteifiemice in its simplest fotm. Actually the 
mattet is complicated by thete being a change of phase (e.g. from trough to crest) 
on reflection. This actually reverses the above results, film of i wavelength, 
etc., giving brightness and those of i, i, i^, etc., giving darkness. 
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of light, because the thinnest film 
which causes interference is half a 
wave-length thick. An ingenious 
way of measuring this film is by 
means of Newton’s rings. A 
weak spectacle lens of about i 
metre radius of curvature (i.e., as 
much curved as the sur&ce of a 
ball, z metres in diameter) is laid 
on a glass plate and the light of 
which the wave-length is to be 
measured is made to shine on it. 

The film of air between the lens 
and plate gets thicker as we go outward from the centre, and a little 
geometry enables us to calculate the thickness of film at any given 
distance from the centre — in the above instance the fhickness of the 
air film in centimetres wili be ^^^th of the square of the distance 
from the centre. Thus, at i cm. from the centre, the film will 
be jj y 0th cm. thick; at i mm. from the centre it will be ^o’ooth mm. 
thick. When a lens and plate are illuminated thus, a neat set 
of concentric light and dark circles is seen, and by setting up 
the arrangement so that it can be viewed with a low-power 
microscope, the innermost ring can be measured; and for sodium 
light and a lens of i metre radius of curvature is just over a milli- 
metre in diameter. Hence it can be calculated that the film of air is 
0.00001473 cm. thick at this point and the wavelength of sodium 
light is four times this figure, 0.00005 893 cm. The use of this for 
testing lenses is described on p. 474. These phenomena of 
interference cannot be explained by any theory in which light is 
regarded as a material particle. They prove that light must be a 
wave-motion, but they do not prove it to be an electromagnetic 
wave-inotioh. Light cannot be a kind of wave depending on the 
motion of matter as do water-waves, because it travels through 
a vacuum. 

The first piece of evidence that light is an electromagnetic wave 
is that , the velocity of light is the same as the electromagnetic 
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waves made by a moving electric charge in a wireless transmitter. 
The velocity of light is slower in any transparent medium like 
glass or air than in a vacuum, and ^e amoimt of slowing up 
that an electromagnetic wave would display can be calculated, and 
is just the same as the amount of slowing up of light. Several 
other odd facts such as the alteration of the frequency of light 
by electric and magnetic fields show that it must be electromag- 
netic. The strongest evidence, however, is that calculations 
based on the hypothesis that light is an electromagnetic wave 
explain perfectly the way it is reflected and refracted and also 
its dispersion — the way it is scattered by particles and bends 
roimd very small obstacles. 

THE SPEED OF LIGHT 

It is very important to be able to measure the velocity of light 
accurately because a great deal of the force of the arguments for 
the theory of Relativity depends on it. 

There are several good ways of doing this: Michelson’s method 
will be described here. Its accuracy may be judged by the fact 
that the apparatus as described here proved that light travels 
faster than 299,792 and slower than 299,800 kilometres a secondl 

First of all it must be realised that when a ray of light hits a 
mirror at an angle it ‘‘bounces” oS^ (i.e. is reflected) at the same 
angle, much as a billiard ball bounces off the cushion (p. 43 3). 
Michelson sent an intense ray of light (Fig. 2J9A) through a fine 
slit on to an octagonal mirror which could be made to spin at 
a speed which could be varied and could be read off on a revo- 
lution counter. If the octagonal mirror is not moving, the ray 
of light is reflected by two more mirrors along the path i, 2, 3, 4, 
and there strikes a big concave^ mirror which reflects it to 
another concave mirror (5) twenty-two miles awayf This mirror 
is very accurately set so as to reflect the ray to a little fixed 
mirror (6) and then (7, 8) all the 22 miles back again to the 

^ Used because^ if the xay shifts, a concave inutor will still leflect it in the same 
direction. 
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Fio. 259. — ^Michelsoo’s appaxatus fot dctemiiiiixig the velocity of light. 

Other concave mirror. From this it goes pia two more mirrors 
(9, xo) back to the octagonal mirror (ii) which reflects it into 
a telescope. This is set so that the eye sees the slit, after its 
light has travelled this long journey, as a line of bright lying on 
an illuminated scale (marked on the eyepiece of the telescope). 
Now set the mirror spinning. As it goes past the position shown 
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in the dialing, the light will be teilected and ran along itS; 
44-niile path (i, z, 3, 4, 5, 6, 7, 8, 10, ii), but here at ii the 

light will not find the mirror in the same position as it had 
when the light started. It will have moved on, say, to the posidon 
shown in Fig. 2393 and nothing will be seen in the telescope. 

But keep on speeding up the mirror. The time will come 
when the light will hit face a, travel its 44 miles and find that 
while it has been away the mirror has made ^ of a revoludon 
and face d of the mirror has exactly taken the place of face e. 
The light will then enter the telescope and be seen once 
more. 

So the procedure is to set the telescope so that the light can 
be seen. Set the mirror turning and speed it up dll the light 
disappears and then appears again. Then determine how fast 
the mirror is spinning. Suppose the mirror moves at 3 25 revolu- 

dons a second. Then 4 of a revoludon takes — I — = — — 

8x323 4200 

seconds. In this dme the light has travelled 44 miles. So in one 
second light would travel 4200 x 44 miles = 184,800 miles a 
second. (The figures are taken only as an example; the correct 
value is 186,300.) 

Another way of using the apparatus is to have the concave 
mirrors only a few yards apart and then see how many divisions 
on a scale in the eyepiece of the telescope, the line of light shifts 
when the mirror is spun. This makes the apparatus much more 
compact, though not so accurate, In this way the velocity of light 
in water can be measured, for a long tube of water with glass 
ends can be put so that the light goes through it. Consequendy 
it can be shown that light travels more slowly through water than 
through air. 

As light is an electromagnedc wave, one should be able to 
get it by making an electdc charge vibrate. But its frequency is 
something like 10“ waves pet second, and we have not yet 
found a way of making an electric charge vibrate so quickly. 
The shortest waves made in this way are of wavelength about 
o.oi cm. — five thousand times as long as light waves: they are 
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long heat-waves and have much of the character of light without, 
however, being able to affect the eye. 

QUANTA 

A remarkable discovery without which we should know very 
little about the way light is given out by atoms, especially atoms 
of a gas, is the quantum theory of Phmck. The essential point 
is that when vibrating electric charges radiate electro-magnetic 
waves, these are always given out in separate **puketi* called 
quanta, consisting of a few hundred or a few thousand 
waves. A quantum of energy is not a fixed thing like an 
atom or electron, but its size depends on the number of 
vibrations the electric charge makes every second. The best way 
of measuring the size of the quantum is by the rule that the total 
energy of the quantum in ergs is 6.33 X io“” times the number 
of vibrations per second. This number is called Planck’s constant. 
A qixantum is such a small packet of energy that even a feeble 
source of light like a candle gives out 3 X 10“ quanta per 
second. The stream of quanta from a candle is so rapid that there 
is uo way of seeing that the light comes in quanta at all. 

This quantum theory enables us to calculate correctly a 
number of things about light and heat which could not be worked 
out correctly before, though most of these cannot be treated 
without ma^ematical reasoning quite out of the depth of this 
book. It does, however, help us to imderstand how light is 
produced. 


HOW GASES GLOW 

The greatest puzzle that the quantum theory imravelled was the 
explanation of the very odd sort of light that glowing gases 
produce. Glowing gases are familiar to us in neon advertising 
signs and those brilliant blue-green mercury lamps which 
illuminate many arterial roads. 

Simpler examples are the brilliant red, blue and green flames 
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seen in fireworks and, easiest of all to study, the yellow flame 
seen when ordinary salt is heated in a gas burner. If you throw 
a tiny pinch of salt on to the glowing fireclay of a gas-fire, this 
yellow flame is very easily seen and is due to the vapour of the 
sodium in the salt, glowing in the gas flame. 

Now if you measure the wavelength of any of these lands of 
light (best with a spectrograph, p. 463) you find that, unlike the 
light from an electric filament or a red-hot poker, the light is only 
of a few wave-lengths. Nearly all of the yellow sodium light is 
of one wave-length, 5893 A.U. (frequency 5.09 x lo^*), whereas 
the electric filament lamp emits light of every frequency we can 
measure. 

The neon lamp gives visible light of a dozen or so main 
frequencies, the mercury arc lamp of only four. How is it, then, 
that the light from a glowing gas is “tuned'* to a few fized 
“light-notes”? 

Now the atoms in a gas are not moving over any fixed or 
regularly repeated path. They are merely dashing about from 
place to place in a quite confused fashion, colliding frequently. 
The average time between two collisions in a gas is far longer 
tlian the frequency of any light wave, so we should expect 
(as we find) tiut most gases do not glow when they are heated. 
Ait at a red heat or hotter gives out no glow at all and the 
oxyhydrogen flame gives only a slight blue glow although 
its temperature is probably Z5oo° C; a piece of solid held in 
the same flame gives a blinding white light. 

Why,, then, do some gases glow? The answer is that the atoms 
are not vibrating but something like a vibration is going on 
inside them. 

An atom, we have seen (p. 27), has a small heavy kernel of 
positive electricity and roimd it a cloud of light negative elec- 
trons. The work of Niels Bohr and others has proved that these 
electrons are grouped according to the amount of potential 
energy they have got. In diflerent kinds of atoms the nucleus 
may have from one to ninety-two electrons grouped round it, 
and these are grouped, we believe, in layers rather like the coats 
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of an onion. Fig. z6o shows the grouping in an atom of 
strontium, an element whose vapour glows brilliantly red. 
We may number these i, 2, 3, 4, 5, etc., from the inside. Each 
group can only contain a 
Limited number of electrons, 
but the electrons can move 
from one group to another 
if this latter has less than its 
full complement of elec- 
trons. Thus the electrons in 
the fourth ring of the stron- 
tium atom (Fig. 260) could 
jump to the fifth. But, since 
the positive nucleus attracts 
the negative electrons, some 
work must be done to pull 
them from an inner group to 
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Fig. 260. — Diagram of a strontium atom. 
The positions of the electrons (small 
circles) are not meant to be exactly in- 
dicated. The essential feature is the 
existence of electrons in concentric 
groups having different energies. 



Fig. 261. — When an atom absorbs energy 
from collisions, electrical forces, etc., its 
electrons are caused to jump from posi- 
tions where they have smaller potential 
energy (A) to positions with consider- 
ably greater potential energy (B). Inter- 
mediate states arc not possible. When 
the electron jumps back, to a position of 
less energy (A), the energy lost appears 
as a quantum of light. 


an outer one. This work 
must be supplied from out- 
side: thus in the neon-tube 
it is the electric energy that 
moves the electrons to their 
new places; in a red firework 
it is the energy of the col- 
lisions between the strontium 
atoms. Now, when an elec- 
tron has been moved from an 
inner group to an outer 
group and tlien jumps back 
from an outer group to an 
inner group, its potential 
energy — the possibility of 
doing further work — be- 
comes less and this energy 
appears as light. Now Ac 
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point of this theoty is that the energy of an electron in, say, group 4 
has some fixed v^ue, and after it has hopped back to group } 
its energy has another fixed value, so that the energy given out 
must be exactly the difference between these. Bohr’s great step 
was to suppose that the electron behaved as a vibrating electric 
charge would, and gave out just one quantum of light when it 
jumped. Then, since the energy given out in each jump is fixed 
and Planck’s rule tells u$ that the energy of a single quantum is 
6.554 X lo”*’ times the frequency, the frequency of the light 
must be exactly fixed too, and each electron-jump will cause 
light of only one exact frequency to be given out. This is shown 
diagrammaticaUy in Fig. 261. 

Now there are only a 
certain number of pos- 
sible places for electrons 
in the atom, so there are 
only a limited number of 
possible jumps and a 
limited number of light 
frequencies it can emit. 
Some of these jumps are 
much more easily made 
than others, and these will 
be the chief ones nuide, 
which still more limits the 
possibilities. The matter is 

„ , made a little more compli- 

F1C.262. — ^Diagtamofa sodium atom emitting ^ j 1 .^1 i_ • -i. 

light. Electrons are shown as • while catcd by there bemg, Wlth- 

possiblc but unoaaipied positions for the main groups, sub- 
electtons are shown as O. The electrons in 1. ° * 

complete groups Sq, 2,, remain undis- groups whence jumps can 

turbed. The odd elertron A (}„ group) be made, but the principle 
moves to a position m one of the outer , .A. *•, 

groups when the sodium atom takes in fS the same. rig. 262 

energy. When it iumM back it gives out illustrates the manner in 

a quantufn of light of fixed wave-length. v • i j* 

Omy certain jumps arc possible. Some of WxllCh ft SOCUUm Atom Can 

these are indicated by arrows. The heavy emit light of many dif- 
arrow indicates the particular jump which r ^ ^ 

gives the well-known sodium light. ferent frequencies. 
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MAKING UGMT 

Light is always produced when an electron vibrates very 
rapidly or shifts its place in an atom, and this is the only way 
of making it we have yet foundl 

There are two chief ways of making light. The first is to make 
a solid very hot: this is done in bright flames, like those of a 
candle or oil-lamp, in incandescent gas burners and in ordinary 
electric filament lamps. 

The second way is to displace the electrons of the atoms of a 
gas; when they jump back they emit light. This is done in the 
neon-advertising signs and in the mercury vapour lamps. The 
electric arc produces its light in both ways. 

A solid, such as an electric light filament or a kitdien poker, 
emits heat-rays at the ordinary temperature; as it is heated up it 
emits waves of shorter and shorter wavelength until at about 
500° C. it begins to produce, as well as heat-waves, the longest 
light-waves — red ones. As the temperature rises, the red 
gradually shifts to “flame” colour, to yellow, to white, and finally 
try a bluish-white. The higher the temperature, the greater the 
proportion of the energy that is given out as light and the 
smaller the proportion given out as heat; however, at any tem- 
peratures we can reach, most of the energy of the hot substance 
is wasted as heat. G>nsequently efforts ate always being made to 
raise the temperature of the things we use as lights. 

The most ancient form of light is the lamp or candle. Here a 
substance containing hydrogen and carbon is made to burn. Now, 
burning is the act of combining with oxygen — in this case the 
oxygen of the air. The liquid oil or melted wax climbs up the 
wick and the heat of the flame turns it into vapour. Part of this 
vapour burns to the gaseous carbon dioxide and steam, and in 
doing so splits the big molecules of tlie wax-vapour into hydrogen 
atoms and bits of solid carbon.^ 

1 The splitting is not probably so simple as this, the molecule probably first 
breaks into groups of atoms, which then split up further. 
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The hydrogen burns to steam and die carbon is made “yellow- 
hot” in the flame and gives out the light. When it gets to the 
edge of the flame where oxygen abounds, it burns, forming 
carbon dioxide gas. 





and form 17 catbondioxide mole- 
culet and x8 water molecules in 
violent heat-motion 


8 ^ “ 8 






a wax molecule and make 18 hydrogen molecules 

(which bum to steam), and 17 carbon 
atoms which become grouped into 
solid particles, the atoms of which 
vibrate and glow. 




The carbon particles mwt aad bum forming 

more oxygen at the outside carbon dioxide 

of the flame 

This explanation, with small differences, holds for the lamp 
which chiefly differs in requiring an artificial draught to burn up 
all the carbon in its big flame. If the flame is too big for the 
amoimt of air, the lamp smokes and we find the carbon on the 
ceiling. 
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But why does the particle of carbon emit light? It is a mass 
of carbon atoms, each made up of electrons and the violent 
battering by the molecules of the hot gas sets the atoms vibrating 
strongly. Now, the atom-centres are about lo”® an. apart 
and we might not be far out if we thought they travelled about 
io~* cm. each time they vibrated. The glowing carbon atoms 
would be expected to have an average velocity of about 
3X10® cm. per second, so they should complete their vibrations 
in about 3 x io~“ second, and should give light waves of about 
this frequency. Light travels at 3 X lo*'® centimetres a second, so 
each wave would be 3 x 3 X 10“ x io~“ cm. long — 9 x io~® cm. 
This would be a little more than the wave-length of red-light 
(about 8 X io~® cm.), but since different atoms are moving at 
different speeds and other factors, such as the distance they travel, 
are not accurately known, the agreement is not bad. The light 
from a hot body is a mixture of all kinds of wave-lengths, from 
long heat waves upward to light or ultra-violet light. It is only in 
such a mixture of wave-leng&s that we can see colours. Light of 
only a few wave lengths makes colours look entirely different, the 
mercury lamps now used on arterial roads show this well. 

It is not easily possible to get more light from a lamp or 
candle by making their flames hotter. The oil produces a fixed 
amount of energy, which is used up in light and in heating the 
incoming air and the outgoing gases. The only possibilities seem 
to be, first, to heat the ait before it comes to the lamp. This 
would mean that since the air started hot, the heat which would 
normally be put into it would go to heat the flame hotter and so 
make more light be given out. I do not know if this has been 
triedl The odier way would be to supply pure oxygen instead 
of air. The flame would not then have to heat up the useless 
nitrogen of the ait and so would get far hotter. The lamp would 
of course have to be re-designed, for either of these expedients 
would be dangerous and ineffective if applied to the ordinary oil- 
lamp. Actually, the best answer to tlie problem of getting light by 
burning things is the incandescent mantle. This can be used with 
an oil flame (as in the Aladdin lamps) or with a gas flame, as in 
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the ordinary incandescent burner. The principle in each case 
is to give the flame so much air that it bums up all the carbon 
before it has a chance to glow. This gives a hot blue flame which 
plays upon a mantle, a thimble-shaped network of a mixture of 
thorium and cerium oxides. These oxides glow in a peculiar 
way, emitting a greater proportion of rays of light-frequency 
than anything else does. A wire-gauze mantle in the gas flame 
woiild not give a hundredth of the Ught. 

A gas mantle can be made in two ways. In one, “ramie fibre,” 
obtained from a plant of the nettle family, is knitted into a long 
“hose,” which is cut into lengths and sewn up to make the closed 
end. The fabric is soaked in a strong solution containing thorium 
and cerium nitrates with nitrates of beryllium and calcium and 
magnesium which strengthen the mantle. 

The wet mantles are squeezed in a kind of mangle, dried on 
glass shapes and burnt off, leaving the fragile skeleton of thorium 
and cerium oxides. The skeleton is dipped in a kind of celluloid 
solution to give it strength enough to travel; this is burned off 
when the mantle is first used. 

In the second method artificial silk is used and may be even 
better than ramie fibre. 

No one has ever satisfactorily explained why this mixture of 
thorium oxide with a Uttle cerium oxide should shine so brilliantly. 
It may be that the gas and air molecules actually combine on the 
cerium oxide surface and so impart their energy directly to it. 

The hotter the flame, the better the light from the mantle. 
The best light is obtained by using high pressure gas, which can 
be mixed with much air without “popping back.” It is possible 
to get a light of 27 candle-power for an hour from a cubic foot 
of gas on this system, whereas 18 c.p. would be good in a low- 
pressure gas mantle. The incandescent mantle is less and less 
used indoors, as it is much less convenient than electric filament 
lamps; all the same, it remains a popular way of lighting streets 
because of the convenience of having single lights of very high 
power and because of the cheapness of gas as a source of 
energy. 
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FILAMENT LAMF 

The necessary portion of a filament lamp is a fine thread of 
conductive material which is heated by the passage of an electric 
current. The desirable thing about such a thread is that it shall 
bear heating to the highest temperature possible, because as the 
temperature is greater, so the percentage of the energy turned 
into light becomes greater too. The first electric lamps (Fig. 263) 
had filaments made of carbon. These were poor in comparison 
to the filaments of the modem lamp because they could not be 
heated above about 1750® C. without turning into vapour. The 
vapour was indeed slowly formed at this temperature, and con- 
densed on the glass, cutting off the light. 

The next stage was to discard carbon altogether and use a 
metal which had a very high melting point — above 2000“ C. — 
and which would not turn into vapour. Metals with high melt- 
ing points do not vaporise at aU quickly. Their atoms are fiir 
heavier than those of carbon and so do not fly off so easily. First 
of all, osmium, a rare metal like platinum, was tried, then 
tantalum — another rare metal. They were improvements on 
carbon, but were very expensive. Another metal, tungsten 
(p. 72) had long been known. Its melting point was known to 
be tremendously high and it seemed most suitable for filaments, 
but it could only be obtained as a powder which could not be 
melted into a bar and drawn into wire. However, a way of doing 
this was discovered. The metal, made from wolfram — ^an ore 
found largely in Australia — is obtained as a fine dark grey powder. 
To turn diis into a bar of tungsten, it is packed into a steel box and 
squeezed solid by tremendous force from a hydraulic press. This 
makes it into a very brittle bar, which can just be handled without 
breaking. Now this bat is placed in an atmosphere of hydrogen — 
the oxygen of the air combines with hot tungsten — and heated 
by a powerful electric current which makes the powder-grains 
stick together and make a metal rod. Then an ingenious machine 
heats it white hot and hammers it vigorously in a vacuum, and 
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Proportion of electrical energy turned into light. 



Carbon Filament 




Vacuum Tungsten 
filament 



Squirted Tungsten 
filament 



Gas-filled (single coil) 


Coiled coil filament 


Fig. a6). — Lamps and thdr efBdencies, (Courtesy of Messrs. Maada, Ltd.) 
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finally squeezes it into a solid rod. Next this is drawn into wire 
in the way illustrated in Fig. 19. The dies have to be made of 
diamonds; nothing else could stand the strain, and even these 
become worn in time. In the most modern type of lamp this 
tungsten filament is wound into a coil and this is coiled on itself. 
This process makes the hot filament cool much less quickly; 
consequently the same quantity of electricity makes it far hotter 
than a straight filament and as we have seen, the hotter the wire 
the greater is the proportion of electricity which is turned into 
useful light. 

The spiral is cut into lengtlis and supported, as shown in 
Plate XXI. The lamp is then as completely evacuated as possible 
and argon or some other gas which does not affect tungsten is 
allowed to enter it. 

The older lamps had their filaments in a vacuum, Now water 
evaporates more rapidly in a vacuum and so does tungsten. The 
only limit to the temperature to which you can heat the filament 
is the temperature at whicli tungsten turns into vapour appre- 
ciably. This thins the filament and finally breaks it. By filling 
the lamp with gas, the tungsten evaporates less and can safely be 
made hotter. 

The modern filament lamp is unchallenged for domestic 
lighting. For street-lighting it competes in a fairly even contest 
with high-pressure gas-mantles and electric gas-discharge lamps. 

WHY GASES GLOW 

It is believed that the method of lighting which is likely to 
displace all others is lighting by glowing gas. We have already 
seen that an atom of gas emits light (pp. 435, 436) when an 
electron in the atom jumps from a “place” where it has much 
energy to a place where it has little. Very well, then; if an atom 
is to emit light, an electron must jump from a higher group to 
a lower group. Since there are only a limited number of “places” 
in each group, one must be vacant for this to happen; and heat 
or electricity is able to make a gas glow by turning electrons 
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out of their usual places and so making vacant spaces for the 
other electrons to jump Into. Suppose a gas Is made very hot; 
an electron absorbs energy from the force of the collision of the 
heated atoms and hops to a higher group or even right out of 
the atom. Immediately another electron in a higher group hops 
into its vacant place, and in doing so sends out a quantum of 
light. Electrical forces too (as in the neon-tube) may drag an 
electron out of its place and allow another electron to jump back 
into the vacant seat and so send out light. 

It is the attraction of the nucleus that keeps the electrons in 
the atom. Accordingly, those electrons in the innermost ring near 
the centre of the atom are very difficult to force out, and they 
can only be ejected by the gangster’s method of bombarding 
them with a stream of high-speed electron-bullets. 

When one of these electrons is removed, an electron from the 
second ring jumps instantly into the vacant place. Since the 

E 

jump means a big energy change, the frequency 

6.55X10"” 

is very high and instead of light we have the very short wave- 
length X-rays. I.ess brutal but still vigorous treatment may 
remove one of the second rank electrons. When its place is filled 
from the third rank, a rather less violent energy change occurs and 
the light frequency is less — ^we get ultra-violet rays. The third 
rank electrons are fairly easy to displace^, and when their places 
are refilled no very great energy changes occur. These fairly small 
energy changes give out the waves we call light, having wave- 
lengths from 3600 to 7600 A.U. Now there ate ninety two kinds 
of atoms. They all have the same sort of electron grouping as 
the sodium atom (Fig. 262), but they have from one to ninety- 
two places filled and their nuclei have very difierent attracting 
powers. The result is that while each element gives out light 
of certain fixed wave-lengths, the wave-lengths are difierent 
for each. Any light can be sorted out into wave-lengths by 
the spectroscope (pp. 463, 464), and by examining these wave- 
lengfiis we can tell what kind of atom gave them out and how 

^ We ace here considering a ^rly small atom, e.g.» sodium or neon. 



U^t Waves 445 

vigorously it was being “excited” by electricity or by the heat- 
modon of the surrounding atoms. Thus, we can exanune the 
light from a star, so far away that the light we see started on its 
journey before civilisation existed, and has travelled at 186,500 
miles a second ever since. This light will probably contain the 
same set of wavelengths as we find in the light from glowing 
sodium vapour on earth; if so, we know that the incredibly 
distant tempest of glowing gas at the star’s surfiice contains 
sodiuml In this way we have found out that all the stars contain 
some of the same elements as the earth, and that there is no evi- 
dence that any of the stars contain elements not known on earth. 

We now have some idea how a glowing gas emits light of a 
few fixed wavelengths; though neither we nor anyone else under- 
stands how an electron’s jump in the atom causes a quantum of 
light to spring from the atom. However, we are in a position 
to see how the neon tube, the discharge lamp and the arc lamp 
give their light. 


GAS DISCHARGE LAMPS 

Gas discharge lamps are familiar to us all as the brilliant neon 
advertising signs and as those intensely brilliant blue-green 
mercury lamps which are now becoming so familiar. 

The advantages of the gas discharge lamps are their showy 
colour and high efficiency. Fig. 264 shows clearly that the best 
gas discharge lamp can give about four times as much light for a 
given amount of electrical energy (and therefore moneyl) as the 
best filament lamp. Their disadvantage is the fact that a white 
light is not obtainable — at least without giving away most of 
the efficiency. The cold cathode tubes, e.g., neon signs, require 
a high tension electric current and so cannot be plugged straight 
in to the ordinary mains. 

We have already seen that if an electron in an atom jumps 
from one state to another, a quantum of light is produced. The 
wavelength, i.e., the colour, of this light depends on the difference 
between the energy the electron has before and after its jump. 
Since an electron has only a few possible jumps, a particular 
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Low pressure Incan- 
descent Gas 

High pressure Incan- 
descent Gas 

Early i6 c.p. carbon 
fil^ent lamp 

Red neon-tube 

6o w. Vacuum tungsten 
filament lamp 

6o w. Gas-filled coiled- 
coil filament lamp 

Modem '*sun]ighi 
effect** gas-disch^ge 
tube 



Metcury hot cathode 
lamp 


1 6.4 


Fig. *64. — The above table shows what proportion of the energy supplied to 
various lamps is turned into useful light. The incandescent gas-latnps are much 
more valuable than would at first appear, for electrical energy as supplied for 
lighting costs from } to i ; times as much as its equivalent in beat energy. 


kind of atom can only give out a few “colours” of light. Thus 
the jumping electron in the sodium atom gives out ycUow light, 
those in the neon atom give red light, those in the mercury atom 
give mainly green and violet light. 

There arc two chief kinds of gas discharge tube, the cold 
cathode and hot cathode type. 

Fig. 265 shows a diagram of one of the ted neon-tubes which 
are so much used for advertising and display. It has two elec- 
trodes usually of iron — and is filled with neon gas at a pressure 
of about 6 mm. — about of pressure of the air. A tube 

commonly requires 



Fig, 26;. — Cold cathode gas-diachatge electric 
lamp (neon tube). (Courtesy of 1 m Genual 
Electric Co., Ltd.) 


about 5000-4000 volts 
to keep it running, but 
up to 10,000 volts to 
start the discharge. The 
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mains current has therefore to be transformed (p. 328) to high 
voltage and some device has to be adopted to give a high voltage 
when the tube is first switched on and a lower one later. The 
tube works in just the same way as the discharge tubes described 
on page 293, and glows for the same reason. But where air 
glows with a feeble blue light, neon with its different pattern of 
electrons glows with a brilliant red light. 

One might think that these tubes would last for ever, but 
actually their life is not much more than a year’s continuous work. 
If you read pp. 286, 295 again, you will realise that in a tube of 
this kind positive ions are always bombarding the negative 
electrode. This seems to knock off atoms of metal which deposit 
on the walls of the tube and entrap atoms of the gas. The gas 
thus gradually disappears. 

These discharge tubes can be made to give many brilliant and 
beautiful colours. Pure neon gives a red light at higher pressures, 
up to ./^th of atmospheric pressure, and an orange light at lower 
pressures. The addition of mercury vapour gives a brilliant blue. 
If instead of neon nitrogen is employed, a beautiful pale apricot 
light is produced. Carbon dioxide gives almost a daylight white, 
helium a “heliotrope-white.” The brilliant greens are obtained by 
use of mercury vapour in a tube made of fluorescent uranium 
glass which shines brilliantly green when ultraviolet light falls on it. 

These cold cathode tubes are admirable for fashioning into long 
ornamental patterns, lettering, etc., but are handicapped for 
interior lighting by the need for high voltages. Till recently they 
have all.becn less efficient than filament lamps. The hot-cathode 
tube gives much more light per foot and also runs at low voltages, 
and is the most efficient lamp known. The secret is to emit 
electrons from the cathode. These will then ionise the gas and 
make it conduct. 

For really brilliant lighting suitable for roads, etc., the vapour 
of sodium or mercury is employed. Sodium gives an intense 
yellow light of only one single wavelength, whidt makes every- 
thing look yellow or brown — ^for the things illuminated can only 
reflect the yellow light they receive. 
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Fig. 266 shows the Mazda Metcta 
lamp, which consists of two glass en- 
velopes, the space between the inner and 
outer envelope being a vacuum which, 
on the principle of the vacuum flask, 
causes the inner tube, once heated by 
the current, to remain at a high tempera- 
ture. The inner tube contains an inert 
gas (e.g. argon) at about of atmos- 
pheric pressure and also some liquid 
mercury. When the alternating current 
is switched on, it first passes back and 
forth between the electrode C and the 
filament B, providing ions and electrons 
that enable the main arc to strike 
between electrodes A and B. 

To prevent the main arc flowing be- 
tween B and C a resistance R is incor- 
porated. As the lamp warms up more 
and more of the mercury turns into 
vapour and an intense arc-like discharge 
passes between the two electrodes A 
and B. 

As the current is alternating, these are 
alternately the anode and the cathode. 
The electrodes are heated by the arc 
current and emit electrons (c.f. p. 286). 
The mercury atoms glow as a conse- 
quence of their electrons being displaced 
and falling back (c.f. p. 43 5). The glow is 
exceedingly brilliant because much energy 
(400 watts) is concentrated in quite a small column of vapour 
instead of being spread over a long tube. 

The mercury vapour lamps are extremely efficient and give, 
in their present form, a light which shows up colours fairly well. 
Their chief fault is a lack of red rays which causes any bright red 



Fig. 266. — The Mazda 
Mercia Lan^. 
(Courtesy oi Messrs. 
Mazda Ltd.) 
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{Ahuve) The spectra of Neon, Helium, Mercury and Sodium, {l^elon^ A continuous 
spectrum. (Hy courtesy of G. Ltd.) 
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(. Xh'tve) Projector ot' liuhthousc. (By courtesy (jt 
Messrs. (Junce liros., Smethwick,) 


{Cdifre) J'art of line spectrum (lithium carbonate in 
arc between copper p(»les) taken by quartz spectro- 
i^raph. (By courtesv of Alcssrs. Adam Hiller, lad.) 


{Hcluiv) \Il metal quartz prism spectrograph. (By 
courtesy of Messrs. Adam l lilgcr, Jad.) 
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object to appear of a curious 
brown-red tint. They give, 
however, so much light for 
so little money that this 
defect is tolerated. The 
electric arc has already been 
explained and something 
has been said of its use for 
welding and furnace work. 

As a means of lighting, it 
has the great advantage of giving a small point of intensely 
brilliant light. Fig. 267 shows its use in the search-light of a 
cinema projector. The arc is struck so that the positive “crater” 
which emits most of the light faces into the reflecting mirror 
which — like the motor headlight mirror, concentrates it into a 
parallel beam which passes to the film (Fig. 300, p. 482). 

The light of an arc lamp is too cold and brilliant for indoor 
lighting and needs too much attention; and it is disappearing 
even from the streets. But it keeps its position for projectors 
such as this, because it is very small and very brilliant. 



Fig. 267. — An arc as illutninant for a cinema 
projector. 
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CHAPTER XVI 


How Light Travels 

F rom the practical point of view, the important thing about 
light is the way it travels in straight lines — rays — and the 
way the direction of these lines is altered by reflectors and lenses. 
A ray of light such as enters a darkened room through a pin-hole 
in the blind, is a stream of electromagnetic waves done up in the 
packets we call quanta. The waves are so small compared with 
any distances we can see that we can treat a ray of light as if it 
travelled, when undisturbed, in a perfect straight line. A big 
long wave can easily bend round corners — this is familiar with 
wireless waves and with sound waves. Short wireless waves of a 
few metres are badly hindered by an interposing hill, while light 
waves of .00005 bend round things so litde that rather special 
apparatus is needed to show that they bend round them at all. 
That they do bend a little is shown by the fact that the edge of 
a shadow or the image on a screen or in a camera is never abso- 
lutely sharp. The light rays always spread a little each side of 
their course. 

SHADOWS AND ECLIPSES 

Shadows are made where light is stopped by something which 
will not transmit it. The shape of a shadow is easily made out 
if we remember that light goes in straight lines. Suppose we have 
a point of light (unobtainable — an arc lamp at a distance comes 
near it) and a circular plate. If light travelled in absolutely dead- 
straight lines, there would be a cone-shaped area behind the plate 
where there was absolute darkness. A screen would receive a 
shadow which might be a circle or an ellipse (or a parabola or a 
hyperbola) according to its position. 

450 
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The edge of the shadow is not 
sharp like a razor edge because 
the light-source is not a point 
and because a little light gets 
round the corner. Most sources 
of light are by no means points. 
If we have a white electric bulb 
and let it throw a shadow of a 
dinner plate on a wall, we see a 
fully lighted part A, a half-lighted 
part B, the penumbra, and a 
dark part C, Ae full shadow or 
umbra. The most interesting 
shadows are those of the earth 
and the moon. The moon goes 
round the earth once a lunar 
month (29.55 days) and the 
earth and moon together go 
round the sun once a year 
(365.24 days). As 29.55 has no 
exact relation to 365.24, the two do not keep time and the earth, 
moon and sun go through all possible relative positions within their 
orbits. Now and again the moon gets between the sun and the 
earth, or the earth gets between the sun and the moon. In the first 
case we get an eclipse of the sun, in the second an eclipse of the 
moon. The moon is, oddly enough, almost exactly the right size 
and distance to screen the disc of the sun. The result of this Is 
that unless you stand in the line through the centres of the sun 
and moon and look exactly head-on at the moon, you see the sun 
round the comer of it; and from only a very small bit of the 
earth can you see the sun entirely obscured — a total eclipse. The 
rest of the earth secs a bit of the sun showing round the comer 
of the moon — a partial eclipse. Partial eclipses are common 
enough. The dates on which they will occur can of course be 
calculated, and are to be found in almanacks such as Whitaker’s. 
Total eclipses are pretty rare. There will not be anothcf in 


Fig, i68. — Only a point of light can 
give a sharp-edged shadow a large 
source of light gives a shadow 
grading from full light to darkness. 
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Fig. 269. — ^Moon Mj eclipsing Sun S: Earth E eclipsing Moon M. 
(Courtesy of Messrs. Edward Arnold and Professor Spencer Jones, 
from the latter’s General Astronomy^ 

England until August nth, 1999, but a total eclipse was 
visible along a line stretching from Greece across Asia to Japan 
on June 19th, 1936, while one lasting as long as seven minutes 
will be visible in Peru and on the Pacific Ocean on June 8th, 
1937. The real interest of an eclipse is the profile view it gives 
of the surface of the sun unobscured by the direct glare. This is 
illustrated in Plate XXXVH. 

Eclipses of the moon are commoner because the earth’s shadow 
is much larger than the moon. The moon in a partial eclipse, 
when it is in the penumbra of the earth’s shadow, looks coppery- 
red; and even in the umbra of the earth’s shadow it does not 
entirely disappear for the earth’s atmosphere illuminated by 
sunlight scatters enough light to reveal the moon’s surface. 

The calculation of the date and place of an eclipse can be very 
accurately performed, for all the factors affecting the paths of 
the earth and moon are very accurately known. It is possible to 
work out when and where an eclipse will occur and, still more 
interestingly, when and where they have occurred in the past. 

Thus in Amos viii. 9, we find: “And it shall come to pass in 
that day, saith the Lord God, that 1 will cause the sun to go down 
at noon, and I will darken the earth in the clear day.” Now the 
only eclipse in the Near East at an3rthlng like the period at which 
this prophet was writing was on June 15th, 753 b.c., which 
dates the prophet and the events he mentions very accurately. 
In the Oi^ss^ there is a passage which is taken to indicate that 
there was a total eclipse on the day Odysseus returned. There was 
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an eclipse which was total in or near Ithaca on April i6th, 1 1 78 b.c,, 
which date is in very fair agreement with historical evidence, 
which points to about 1200 b.c. for the sack of Troy. 

A complete catalogue and set of maps of every eclipse from 
1207 B.C. to A.D. 2161 has been published. 


REFI.ECnON 


We have already seen how water-waves and sound-waves can 


be reflected from a flat surface. Light waves too are reflected 
from any smooth surface, though things vary a great deal in 


their power of reflecting light. 
Thus, where polished black glass 
may reflect only a hundredth of the 
light falling on it, a silver mirror 
may reflect twenty-nine thirtieths. 
A dead-black surface is one that 
reflects no light at all. Black 
velvet is the nearest .approach. 
Since it reflects no light, it is 
really only visible by contrast 
vith other objects. Very effective 



stage disappearing-tricks are done 
by lowering a black velvet cover 
over a person standing in front 
of a bkck velvet curtain. The 
best reflectors are of metal. The 
reason why metals reflect light so 
well is that they are quite opaque 
and take a high polish. 

There is one very simple rule 
that tells us where light will go 
when it is reflected. It behaves 
like a perfect billiard ball hitting 
a perfect cushion. It bounces oS 
at the sam angle as it bounces 
on. A more scientific way to put 



Fig. 270. — How light is fcAected 
fromsut&oes of di&ieat shapes. 
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it is to say: Suppose the light-ray hits a mirror at some point 
P. Imagine a line PN drawn from P, “normal” to the mirror, 
that is, at tight angles to it if it is a flat mirror, or at right 
angles to a flat surface touching it at the point P, if it is a curved 
mirror. The arriving light makes the same angle (a) with the 
line as does the departing light. Fig. 270 gives a good nodon 
of how to apply this rule. 

The reason why light obeys this law about reflection is sup- 
posed to be that each bit of the wave front starts a new wave as 
soon as it meets the reflector. Suppose the continuous black lines 
(i, 2, 3) show where the approaching wave has got to at intervals 
of, say, 1, 2 and 3 millionths of a second. As soon as the wave 
hits the mirror at A a new wave A' starts out. When the original 
wave has got to (3), a new wave will just be starting at B; wave A' 
will have travelled out as far as the old wave has travelled in 
(for both are light waves and go at the same speed). The new 
wave-front will then be the dotted line (3). In the same way, 
when the old wave is in position 4, a new wave will be starting 
at C and the other new waves will be at A” and B'. So the wave- 
front win be A', B', C (line 6). It is easy to sec (or to prove by 
geometry) that the new wave makes the same angle with the 
mirror as did the old one. 

When you see something in a flat mirror, it appears to be as 
fat behind the glass as it is really in front of it. The reason of this 
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Fig. 272, — Why the reflection in water appears the same siae as the 
object, but upside down. 


is that the eye judges where a thing is by the angle and direction 
of the rays that come to it and takes it for granted that all rays 
have come straight to it in the ordinary way. It sees the tower 
in Fig. 272 beneath the water because the reflected rays make the 
same pattern on its retina or sensitive screen as a tower upside 
dov/n beneath the water would make. This book has hardly 
the space to talk about the odd effects that reflections from 
mirrors can give. The kaleidoscope is perhaps worth mention, 
for it is easy to make and rather amusing. It 
consists of three rectangular mirrors set to- 
gether to make a regular prism (Fig. 000); any ray 
which comes out of the top opening to the eye 
will have been reflected from all three mirrors. 

So, any object inside it will appear to be 
repeated three times synunetrically at angles 
of 120°. But these reflections will appear to 
be repeated too, so any object is seen re- 
flected dozens of times in a perfectly sym- 
metrical fashion. 

Looking at oneself in the glass is a universal 
pleasure: but the most interesting examples of 
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the use of reflectors are in lighting and some other practical 
applications. Their use instead of lenses in optical instruments 
such as telescopes is talked of on pp. 496, 497. The very 
curious mirages are talked of later, too, under refraction. 

There are two chief ways of altering the direction in which 
light is going — by reflecting it from a mirror or by refracting it 
with a lens or a prism. Lenses and prisms are much more 
expensive than mirrors, so where very accurate directing of the 
light is unimportant, mirrors are used. 

An electric light bulb throws a fairly even sphere of light 
around it, above, below and sideways. Electric bulbs are mudi 
used for street-lighting. The rate-collectors do not wring money 
from the public to light up the clouds and the house-tops. Every 
ray of light that does not reach the street is as bad as so many 

shillings thrown into the 
sea. It is therefore impera- 
tive to throw the light on 
to the road. Most of my 
readers will be familiar 
with the little system of 
mirrors shown in Fig. 274. 
This catches much of the 
light which would other- 
wise illuminate the air or 
the lamp-post base and 
throws it on to the road. 

Motor-car headlights ate 
designed to illuminate the 
section of road ahead of 
them for as great a distance 
as possible. The chief 
reason why light grows funter as we get away from the 
source of it is l^t the beam of light gets wider, so that the same 
light has to cover a greater area. Thus, the total output of light 
given by a naked lamp is, at a distance of 200 yards away, spread 
all over a spherical area of about five hundred thousand square 



Fig. 274. — ^The action of the lefiecton of a 
stieet lamp in diiecting into the illumin- 
ated ame taya which would othetwise be 
wasted. 
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jraids. If a reflector con- 

centrates the light into a 

20 yard circle, the same ^ >0*^ ^ 

quantity of light now covers 

300 square yards and is there- _ 

fore sixteen hundred times “■ 

as strong. If the light could _ ' 

V A ^ j. 1 u P*®' *7J* — ^Reflection from the pmbolic 

be made to travel as a beam akiot of a motoi-cat headUghn 

of parallel rays, it would 

never spread out at all and would remain equally bright for miles 
— except in so fu; as nust and dust would stop it. The ideal 
beam for a headlight is a parallel beam to give distance, and also 
a fainter general illumination, so that the neighbouring objects 
such as the sides of the road can be seen. 


Exactly this effect can be gained by a perfect “parabolic” 
mirror and a point-light inside it. A parabolic mirror is $0 curved 
that every ray from the focus is thrown in the same direction. 
Actually, no mirror is perfect and all lights have some size, $0 
the best we can get is an approximation to the ideal. 

The parabolic mirror cannot be made good enough for the 
lighthouse beam, which must carry for ten or fifteen miles: for 
these, a system of lenses and prisms is employed: these ate 


described on page 476. 



Pig. 276. — The oon-ieflectiag ihop- 
window. (G>uite«y of Meatn. Sage & Co.) 


A simple application of 
reflection wUch is be- 
coming important is to the 
shop window. The reflec- 
tion of the bright clouds, 
housetops, etc., from the 
surface of the window 
makes it difficult to see the 
darker interior. Themodem 
shop often has a window 
curved as in Fig. 276. The 
window is so curved that 
any rays which are reflected 
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from it to die eye of a passer must have come from the dead- 
black board above or below it; these, of course, are so faint 
as to be invisible. The gazer consequently cannot see the glass 
at all and the window does not seem to be therel Fig. 276, 
kindly supplied by Messrs. Sage & Co., the manufacturers, 
illustrates the course of the light. 

An invention to do away with the maddening reflection from 
the glasses of the pictures in galleries is badly needed. The 
curved glass is hardly possible because the eye has become used 
to looking on the picture and frame and surrounding wall as a 
single unit. 

REFRACTION 

Light travels fastest through a vacuum, a tiny bit slower 
tiirough air and decidedly slower through water or glass or any 
transparent liqmd or solid. The result of this is that a ray of 

light turns sharply when it goes from air 
to glass, or from glass to water, or from 
any medium to any other medium. Fig. 
277 shows a beam of light travelling 
through air into glass. Why does the 
slowing of light make it bend? .Look at 
the diagram (Fig. 278). Suppose each of 
the points in the row on the wave front 
. * 77 -“^ “y ^ arrives at the glass surface, say, io~ii 

a glass block. Seconds after the one before. In this 

time, light travels, through a vacuum, a 
distance of 3 mm. Suppose the wave-front begins to enter a thick 
plate of glass, and that in this glass the speed of light is half what it 
is in air. Then, when point 4 has reached the glass, point 3 will 
have been going through it for seconds, point 2 for 2 x 
io~^^ seconds, etc., up to point o, which will have been travelling 
through the glass for 4 x seconds. Well, in glass the light 
goes i^ mm. in seconds, so the circles of i|, 3, 4| and 6 mm. 
show where the waves will have got to and WF will be the new 
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wave front. Look at it 
another way: o goes further 
in glass and a shorter dis- 
tance in air than 4. Since 
travel is quicker in air, 4 
catches up on o. 

Thus, on going from a 
material where light goes 
more quickly to one where 
it goes more slowly, the 
light slews towards the 
“normal” to the surface 
(NN^). The way we 
measure this change is to 
imagine a circle half made 
of the material and to let 
a ray come across it through 
the centre. If we draw two lines parallel to the material’s sur&ce 
from the normal to the place where the ray cuts the circle, then 
the length of the long one (a) divided by the length of the short 
« one (Jf) is called the refractive index^ and tells 
us how much the material bends light. All 
this matters quite a lot. On it depends die 
working of lenses, and therefore of cameras, 
telescopes, microscopes, cinemas, etc. 

The refractive index gives a useful way of 
Fig. *79.— If light is recognising gemstones and indeed most 
here on passing transparent things. The discovery of “syn- 
ftom air to glass, thetic diamonds” was recently announced. A 
then g is the re- Jays later, the London Chamber of Com- 
ftactive index of merce announced that the “synthetic dia- 
the glass. monds” had a refractive index of 1.725; that of 

diamond is 2.4175. The stones were stated to be white spinels, 
complicated silicates, and, though beaudfiil, lacked the permanence, 
brilliance and fire of the diamond. The brilliance of the diamond 
and the reason it cannot be imitated by glass or anything else is. first. 




Fig. 278. — Why light is bent when it 
passes from ait to glass. 
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its very high refractive index, which ensures that the light which 
enters it is totally reflected (p. 461) several times before it leaves 
the stone; secondly, its high dispersion, which means that the 
blue rays are much more bimt than the red. Thus, the diamond 
separates the blue and red light from the white light and there- 
fore shows “fire,” the wonderful play of colour seen in the stone. 
No material comes near diamond for refcactivity. The gem 
zircon, zirconium silicate, with a refractive index of 1,9 comes 
nearest. 





Fio. a8o. — How 

light is bent when 
it passes through 
pieces of glass of 
▼arious shapes. 


Fig. 280 indicates how light is bent when 
it travels through transparent solids of 
different shapes; we shall come back to this 
apropos of lenses. 

Suppose light is coming out of a solid or 
liquid into air. Let us suppose, for example, 
we are shining a light ^ough the bottom 
of a glass basin full of water (Fig. 281). The 
refractive index is 1.333 or f, which means 
that for any one ray a must ^ § of If the 
light shines from A it will travel out along 
the path A'. But suppose it shines from B. 
If is to be I of V the ray will have to be 
along the water surface. But now suppose 
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Fig. 282. — ^Total reflection from « glass of water. 


of water. You can only see up through the surface at certain angles 
(Fig. 282). This total reflection is used for several purposes. Itgives 
a perfect mirror which can never tarnish as a metal mirror does 
and which has no colour and reflects 100% of the light. It is 
used in prismatic binocu- 
lars (Fig. 313) to bend ^ 


the light rays on them- 
selves. It is also used 
in the glass reflectors 
used as pavement lights 
for basements. Fig. 283 



shows how these reflec- 


tors throw the light into the room they illuminate. 

A very curious effect due to refraction and total reflection is 
the mirage. Air, like every transparent substance, slows light up, 
and the denser the air the more it slows it. Now cool air is denser 


than hot air at the same pressure, so as light passes obliquely from 
cooler air to hotter it is bent away from the normal (as when it 


travels from water to air (Figs. 281, 282). 

Now suppose a man is riding over a baking desert plain. The 
air next the ground will be hottest and the air above cooler. 
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So a lay of light, say, from a palm tree is gradually bent until 
the angle at which it enters the hottest air is so small that it is 
totally reflected. It then rises till it meets the eye. Ojnsequently 
the eye sees an inverted tree like a reflection in water (Fig. 284). 
The sky, too, is reflected from the layers of hot air and the 
bright reflection so simulates water that desert travellers And it 
hard to believe they are not really looking at a lake. 

In India it is extremely difficult to do any accurate surveying 
by day, for the rays of light from the object observed to the 
theodolite are bent and the results are variable and unreliable. 
G}nseqttently surveyors work at night when the air is cool and 
use bonfires or lamps as their points for observation. 


THE SPECTRUM 


The fact that light of short wavelength is more slowed up 
than that of a long wavelength gives us the spectrum. If a ray 
of light, say, a beam of sunlight which has passed through a hole 
in a shutter falls on to a screen, a white spot of light will be seen. 
Now, put a prism between the hole and the screen. The white 



spot of light dis- 
appears and a band 
of colour takes its 
place. At the top 
the light is violet 
shading through 
indigo, blue, green, 
yellow and orange, 
down to red at the 
bottom of the strip. 
The prism ' has 
taken light of the 
mixture or com- 
bination of all 


Fig. 28).— Abeam ofsunlight broken by • prism into a lengths 

band of colours. Which we call 
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“white” light and sorted these out, bending the shortest 
wave-lengths most, and the longest least. The above arrange- 
ment is not a very good one because the light spot is 
big and the colours overlap. The arrangement in Fig. 286 
is better. The light from a fine slit is focussed by a 
lens so that the light, if no prism were there, would form a 
sharp image of itself at B (just like the image in a camera). But 
the prism bends the light; and as light of each wavelength is bent 
to a different extent, as many images of the slit as there are wave- 
lengths appear on the screen. But if the slit is illuminated by white 
light or the light from any glowing solid like a filament lamp, 
the light will contain every wavelength and so the images of the 
slit overlap to make a band of colour — red, orange, yellow, green, 
blue, indigo and violet. In Fig. 286 only blue and red are illus- 
trated for the sake of simplicity. But suppose instead of the light 



from, say, a filament lamp, we look at the light from a neon tube. 
By no means all wavelengths are here. The light is almost all 
of wavelengths 7245, 7174, 6jo6, 6402 and 6266 A.U. Conse- 
quently, for each of these wavelengths an image of the slit would 
be formed and the result when photographed is like Figure 000, 
each of the lines being an image of the slit made by light of some 
exact wavelength. 

The spectrograph is a refinement of the simple apparatus shown 
in Fig. 286, Fig. 287 shows a modern spectrograph as used for 
photographing spectra. At the left-hand is the slit and in the 
brass tube are the lenses for focusing it. Then follows the 
prism. The photographic plate is s^ out at an angle to the tube 




GRATING SPECTROGRAPH. 
“EAGLE” MOUNTING. 


AtSEAKCH ObPARTMENT 

ADAM HUGER, LTD^ LONDON 

Fig. 287.— optical atxangement of Spectiographs. The quartz spectrograph above 
operates on the simple principle indicated in Fig. 286. A quartz prism trans- 
mits ultraviolet light: glass would not. A system of several lenses ensures 
accurate focusing. The photographic plate is slanted in order to separate the 
lines widely. Bdow, use of a grating in a spearograph. Light enters Wow via 
a slit and is reflected to the grating which is ruled on a concave mirror. It separates 
thelightsofdiflerent wave-lengths as described on p.471 and focuses them as tines in 
a photographic plate^at the Im-hand end. (Courtesy of Messrs. Adam Hilger, Ltd. 

in order to nuke the spectrum as long as possible and so separate 
the lines 'widely. 

Instruments of this type enable the position of the lines to be 
charted to an accuracy of one in a million. Every kind of atom 
gives a particular set of lines which has been accurately charted. 
Thus the lines of neon, are as in Plate XXI: sodium 'vapour on the 
other hand gives its light almost all of die wavelength, 5893 A.U. 
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Its spectrum consists, then, of one brilliant line (actually a double 
line) and a number of £unter ones. The spectrum of an element 
is a sort of signature by which it may be recognised whenever 
it gives out light. 

An amazing amount of information has been gained by the 
spectrograph. First of all, it is our chief informant as to what 
the stars are like. As already mentioned on page 444, the spectrum 
of a star shows the ^miliar lines we know in the spectra on earth: 
these tell us the kind of atoms the stars contain. Secondly, 
spectra change as the temperature rises. The spectrum of sodium 
vapour in an electric arc (jcoo" C.) shows more lines than the 
spectrum of sodium vapour in a gas flame (c. 1800® C.). By 
matching the spectra of the sodium vapour in the stars with the 
spectra obtained under different conditions on earth, we can 
get an idea of how hot the surface of a star is. But the information 
does not stop there. A magnetic field shifts the electrons in an 
atom slightly and so gives their ‘‘jumps’’ rather different energy. 
Different energy means different wavelength and the result is 
that an atom in a magnetic field shows two lines where it showed 
one before. The spectrum of the sun shows these split lines and 
we thus know that there is a big magnetic field on the sun’s 
surface. The spectrum tells us still more. We worked out (p. 3 85) 
that if an observer approached a siren rapidly, its note sounded 
sharp (frequency increased), and when he went away from it the 
note sounded flat (frequency decreased). The same is true of the 
light from a star. Suppose we are receding from a star at 100 oules 
a second. It emits in the second, let us say, 10^ vibrations of a 
certain kind of light, say, that which we can see as die D-line in the 
sodium spectrum. These vibrations are spread out over 186,300 
miles and would reach us in a second were we not receding. But 
as we are departing at 100 miles a second, only 186,200 miles of 
vibrations instead of 1 86,300 reach us. The fight is therefore only 


of a frequency 


1862 

1863 


of what it would be from a sodium atom 


on earth. The practical result is that we can see the sodium fine 
in the star’s spectrum, a little shifted towards the red end where 
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the bigger wavelengths and smaller frequencies are. We can 
measure the position of a spectral line with the accuracy of one 
in a million. It is quite easy then for an astronomer to find out 
whether we are receding from a star or approaching it: these 
results are of course very important in deciding how the various 
parts of the universe is moving. 

On earth the spectroscope is also useful. It is the most delicate 
way of detecting minute traces of certain elements. If we want 
to be sure that some potassium chloride does not contain any 
sodium chloride, we pass electric sparks through a solution of it. 
If we do not see the D-line of sodium, we know the potassium 
chloride is exceedingly pure. Several new elements have been 
discovered by finding unknown lines in the spectrum of a 
mineral. Many more abstruse uses for it have been found: it 
has been the chief means of finding out how the electrons ate 
grouped in the atom. Once Bohr had got at the principle of 
electron-jumps giving out light-quanta, it was easy to measure 
the wavelengths of the light appearing as lines in the spectra of 
the atoms, to calculate from this the energy of the jumps and 
find out how many different jumps were made. This has been 
our chief way of mapping the interior of the atom. 

The rainbow is obviously a spectrum caused by the different 
colours in white sunlight t^g split up by raindrops, but it is 

not obvious why it 


kRANOaOP 





Fig. i88.— Hov laindiopt split up white light. 


should appear as a 
“bow.” You only see a 
rainbow when the sun is 
fairly low in the sky and 
behind you. Suppose a 
ray from the sun enters 
a drop of rain (Fig. 288): 
it will be reflected and 
emerge. As it comes 
out, the red and blue 
rays will go at different 
angles. If there has been 
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one reflection, the ted will be lowest and die blue will be highest, 
the reverse being true if there has been two reflections in the drop 
(Fig. 2851). This explains the double rainbow, in which both single 
and double reflections occur. The result is, a spectrum with red 
at one side and blue at the other. Actually, the colours overlap 
and so the rainbow is not quite a true spectrum. Why is it a 
bow? The colours will 
be seen where the sun is 
at such an angle that the 
drop and you make the 
correct angle for the re- 
flection (about 42“ 50'). 

Consequently, all drops 
which make this angle 
with you and the sun 
will give the colours and 
clearly these will lie in a circle. 

If you stand on the ground, the part of this circle which is 
below you will be cut off, though from an aeroplane a complete 
circular bow might be seen. If Ae sun is higher than 42® jo' in 
the sky, no rainbow can be seen from the ground. 

The eye cannot take 
in the red and blue 
rays from the same drop 
because they are yards 
apart by the time they 
reach the ground. Fig. 
290 shows how each 
drop contributes a par- 
ticular colour according 
to its height, so forming 
the “bow.” The secon- 
dary bow often seen 
outside dre other is due 
to the double reflections, 
as in Fig. z88. It is easy 



MD OF 
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OTHER 

COLOURS 
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Fig. 2^0. — How each raindrop contributes one 
particular colour to the bow seen by any one 
person. 



Fig. 289. — Why the rainbow is an arc of a circle. 
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to see that the ordinary bow will have ted inside and blue out- 
side, while the secondary bow will have the colours in the 
opposite order. 


COIOUR 

The human sense of colour is very curious. The eye is, roughly 
speaking, a camera with a sensitive screen at the back. Nerves 
carry reports of the state of the light on each part of this screen 
to the brain which combines them into a picture. 

The radiations which the eye can see lie between the wave- 
lengths of 3600 and 7600 A.U. The eye sees a mixture of all 
these wavelengths as “white”: a small range of wavelengths it 
sees as coloured. Thus: 


U^t of wavelength 

is seen as 

Less than 3600 A.U. 

Invisible 

3600-4500 

Violet 

4300-4550 

Indigo 

4550-4920 

Blue 

4920-5500 

Green 

5500-5880 

YeUow 

5880-6470 

Orange 

6470-7600 

Red 

More than 7600 

1 

Invisible 
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Now die only difference between, say, red and blue light is a 
difference of wavelength: yet “red” and “blue” are so different 
that a man who had seen “blue” but had never seen “red” could 
never be made to understand what “red” was Uke. With sound 
there is a stea^ change of pitch as the wavelength shortens. 
Anyone who had heard C and its octaves C" and C”' would 
have a fur idea what C”” would sound like. But the colours 
corresponding to different wavelengths seem to have nothing 
in common. 

Another very curious thing is that a mixture of wavelengths 
may give the same sensation as a smgle one. A mixture of blue 
and yellow light of wavelengths 4700 A.U. and 5700 A.U. looks 
green: a light of wavelength jooo A.U. also looks green. Light 
of 7000 A.U. looks red, so does a mixture of all the visible lights 
except green (4920-5500)! We have really no idea how colour- 
vision works though we know very well what wavelengths of 
light give certain sensations. 

You might think that a red neon-light and a piece of red clotii 
must both give the same red light and therefore give the same 
sensation to the eye. This is not necessarily true. The neon light 
gives light of wavelengths between 7245 and 6266, which there- 
fore seems red. But the cloth has white light — red, yellow, green, 
blue and violet all mixed — shining on it. It may absorb — retain 
and turn into heat — the yellow, green, blue and violet and let 
the red light pass on. But it equally well might keep the greenish- 
blue component of the light and let the red-yellow-indigo-violet 
mixture pass on. This, we also see as “red.” 

For this reason, if we mix blue and yellow light we get a quite 
different result from that obtained when we mix blue and yellow 
paints. Suppose we focus a patch of yellow (5740 A.U.) light on 
a screen and focus a patch of blue Ught (4820 A.U.) on top of 
it, the light from the screen has wavelen^s 5740-I-4820 A.U., 
and appears to us as white. If we mix yellow paint and blue paint, 
they appear green. The reason of tins is that the yellow paint 
absorbs and destroys all the white light except the yellow light 
and a little ^een and red: the blue pigment absorbs and destroys 
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all the light except blue and a little grvM and violet. So between 
them they absorb and destroy everything except the green wave- 
lengths. Two coloured lights, which, if mixed, give white, are 
said to be “complementary.” The following gives a list of these 
colours. If we mix light of colour A and colour B, we get white. 
If we take colour A from white light we get colour B and vice 
versa. 

A. B. 

Red. Greenish blue. 

Orange. f Shades of 

Yellow. I violet. 

Greenish yellow. Violet. 

Green. Purple. 

If you stare steadily at a bright colour for some time, your 
faculty for seeing that colour gets tired out and if you look at a 
white wall you see a patch of the complementary colour, which 
is simply plain white less the colour you are now unable to see. 

INTERFEKENCE COLOURS 

It is well known that colours are often seen where there is no 
coloured material at all. Soap-bubbles, oil-films on water, mother- 
of-pearl are all examples of these colours. We find they are always 
coimected with very thin films of material and it is natural to 
suppose they are the result of interference. Fig. 257 shows how 
the thin film of liquid in a soap-bubble reflects light of a certain 
wavelength in some parts and destroys It by interference in 
anodier. Suppose the film at some point is 5400 A. U. (.000054 c.m.) 
thick. This is just a wavelength and a half of violet light, and 
so violet light reflected at that point will be extinguished. But 
the other wavelengths in ordinary white light will not be extin- 
guished, because the film is not ^ or or times their wave- 
length. Accordingly, the light reflected is white without violet 
which appears yellowish green. Since the soap-bubble varies in 
thickness, every colour will have some place where it is extin- 
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guished by intetfeience and so evety possible complementary 
colour appears somewhere on the bubble. The colours of oil 
films on water have the same origin. Mother-of-pearl is a pile 
of very thin layers of calcium carbonate (marble) laid on to the 
inside of the oyster shell. These are so thin that they cause 
interference like a soap-bubble. 

Interference is used in a very valuable arrangement called the 
difiraction grating which is now often substituted for the prism 
of a spectroscope, as being suitable for very short and very long 
waves, which do not easily go through glass. It is not very 
difficult to imderstand its principle. A diffraction grating is 
simply a piece of glass ruled by a diamond point with, say, 
1 5,000 lines to the inch. This, naturally, is difficiilt and expensive 
and most gratings are casts from these originals. Imagine 
in Fig. 291 (a) a grating with 14,000 lines to the centimetre with 
yellow light of wavelength .00005 8 cm. shining on it. The waves 


Yellow light of wavelength .000058 cm. Blue light of wavelei^h .00004 oo* 



Fig. 191. — ^Diagram to show why light is bent when it paases through a grating- 
Note that the longer the wav^ngth the mote it it bent. The scale is about 
10,000 times actual size. 

pass through the little apertures and spread out in new ripples 
as they go. Now, the direction of a ray of light is the perpen- 
dicular to the wave front (like that of a water wave); so the 
ray of light will go first of all straight on {a). But the lines {b) 
and (r) are also lines of wave fronts. So the light will split up 
into several rays travelling in directions which depend on the 
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fiaeaess of the grating, and the wavelengdi of the light. Now, 
Fig. ooo (i) is a representation 10,000 times magnified, of what 
happens when yellow light (5 800 A.U.) passes through a grating. 
Fig. 000 (z) shows what happens when deep blue light 4000 A.U. 
does the same. It is easy to see that the blue light is less deflected 
than the yellow. This is just like the action of the prism (p. 463), 
except that this deflects the shortest waves most and the grating 
deflects them least. The rays of diflerent wavelengths are deflected 
through diflerent angles and so will appear as a spectrum. 

Any regular pattern, if fine enough, will act as a grating and 
so split white light into its component colours. The brilliant 
colours of the peacock’s tail and iridescent beetles and dragon- 
flies and the wings of the brilliant blue Morpho butterfly (which 
are made into jewellery) are simply due to fine ribbings and 
markings which make them into diffraction gratings. There is 
no colouring matter or dye there at all: the peacock splits up 
white light to get its colours! 

The fact that the sky is blue and that dawn and sunset are red, 
is due to another kind of splitting of white light. If there was no 
air or vapour or dust, we should see a black sky with the sun set 
in it as a sharp circular disc of blinding light. In other words, 
the light would all come from the sun and no light would come 
from the sky. The sky, as seen from a stratosphere balloon 

sm APKAKS tux 
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14 miles up appears nearly black. The sky gives out light because 
the sun’s rays arc scattered by dust particles, by water droplets 
and even by the tiny irregularities of density resulting from the 
movement of air molecules, light waves fall on these particles 
and die illuminated particles send out new light in every direction. 
Now it can be proved that short waves are mudi more easily 
caught by particles than lon^ waves. Actually the blue part of 
the sun’s radiation is sixteen times as easily scattered as the red. 
Ginsequently the light that comes from the sky at an angle to 
the sun’s rays is mostly the scattered blue rays: while rays which 
have passed through a great length of air, as at sunset or dawn, 
are robbed of their short waves, only the ted being left. Since 
the long red rays are the least scattered by particles, they have 
the best fog-piercing powers and red neon-lamps ate used at 
aerodromes to show die way to incoming planes. These ate 
mudi more easily visible than white lights ahd do not make the 
fog into an opaque luminous wall. 

The red and yellow fog-lamps used by cars have the same pur- 
pose, but the loss of light counterbalances any advantage due to 
their superior penetration. 


LENSES 

Lenses are pieces of transparent material of which the surfaces 
are parts of spheres or planes. The surface of a lens may be said to 
have a radius of curvature which is the radius of the sphere of 
which it is part. As lenses are an essential part of every opdeal 
instrument — microscope, camera, telescope, etc. — ^it is worth 
seeing how they are made. The glass for a lens is kept melted in a 
large crucible for a long time so that tiny air-bubbles and specks 
of solid can setdeout, and great care is taken to see that it is per- 
feedy mixed so that every part of the glass shall be able to bend 
light as much and as litde as every other. The charge of glass is 
made into thick sheets and these are cut into bits. Very often as 
much as two-thirds of a charge of glass has to be rejected as im- 
perfect. The glass is then cut by grinding-wheels, fed with car- 
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borundum powder, roughly to the shape of the lens and ground to 
something near the finished shape. The lenses are then stuck with 
pitch on to a round knob, which is spun round and round, while a 
hollow cup-shaped tool is rocked backwards and forwards across 
it. The tool is fed with fine polishing powder and water and in an 
hour and a half all the lenses are ground to parts of spheres of the 
same radius as the tool. 

The lenses are tested by pressing them on to a glass shape 

which would exactly fit a perfect 
lens. If the lens exactly fits the 
shape, no Newton’s rings (p. 429) 
can be seen. If it is very nearly a 
fit, about two rings can be seen 
showing the lens is not mote than 
two wavelengths of light (^o^juth 
centimetre) in error, and this is 
usually the best aimed at. The 
worst fault of a lens is that it 
should be distorted — not a perfect 
sphere — in this case the Newton’s 
rings will not be circular but have 
some irregular shape. 

The effect of a convex (bulging) 
lens is to make light rays either 
converge mote or diverge less. 
If a lens is hollow on one side and 
bulging on the other, the sharper 
curve overcomes the effect of 
the other. Fig. 294 shows clearly why this must be. The 
course of the light rays is drawn out on the principle of 
“a in'* (Fig. 279) b^g always the same for any particular material. 
The drawing shows too that a beam of parallel rays, falling on 
the eenlral part of a convex lens, will be brought to a single point 
of light at the focus. The rays from the outer part of a thick 
lens are not properly focussed: this effect, called spherical aber- 
ration, is the reason why “stops” are always used in optical 



Fig. 293. — (Above) grinding a 
number of small leases. (Below) 
testing lenses by use of New- 
ton’f rings. 
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Fig. 294. — ^Why a thick lens brings to a focus parallel rays which 
fall near its centre but not those which fall near its edges. 

This effect is called spherical aberration. 

instruments to remove them. If tlie rays which fall on such a 
lens are converging, they will come to a point nearer to the lens 
than the focus (Fig. 295 (2)). If tliey are diverging fan-wise, they 
will either come to a point further away than the focus (Fig. 295 
3), or if the source of the light is at the focus (4), the light will 
become a parallel beam or if the source of light is nearer than the 
focus they will diverge (5). This state of affairs is important to 
grasp as the action of the camera and the magnifying glass depend 

Oil it. 


Now it is pretty 
clear that all the rays 
which go through the 
centre of the lens go 
on in the same direc- 
tion unchanged, and 
we can also see from 
Fig. 29J that all the 
rays which are parellel 
to the axis of Ac lens 
go to a point called 
Ae focus. The more 
sharply Ae lens is 
curved, Ae nearer to 
it is Ae focus. If we 
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remember these two rules, we already know enough to under- 
stand the camera and projector. 


LIGHTHOUSE PROJECTORS 


The object of a lighthouse is to teU ships where they ate. In 
order to do this, it must be visible at a great distance — even in 
fog; and it must be easily recognised. The “signature” of a 
lighthouse is the pattern of flashes it gives. Thus the light 
described below gives four flashes of 0.23 seconds with three 



Fig. 296.-— Lighthouse lantern (courtesy of 
Messrs* Chance Bros & Co.). 


short dark intervals of z.43 
seconds and a long dark 
interval of 11.43 seconds. A 
lighthouse, wHch stands 
where it is buffeted by the 
waves, is usually a tower of 
masonry of great weight and 
strength; however, the essen- 
tial part of it is the lantern. 
Fig. 296 shows a small light- 
house lantern made by 
Messrs. Giance Brothers 
& Co. It has several points 
of great interest. First of 
all, it is necessary that a 
lighthouse should send a 
light which should carry as 
far as possible, and we saw 
on p. 437 that a beam of 
parallel rays could do diis. 
This lantern has in its centre 
a j 00- watt lamp. This would 
give no great visibility on 
its own, but when it is 
concentrated by lenses and 
prisms into beams, eadi 
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of these shows 608,000 candle-power and the light, if on a high 
enough place, can be seen 38 miles away in clear weather. 
There are two lamps; for a lighthouse must never be ezdoguished. 
If the filament breaks in the centre one, the spare is automatically 
brought into use. A lens can only give a narrow beam because 
of the spherical aberration already mentioned, but the lighthouse 
supplements its lenses by prisms at such an angle that the effect of 
refraction and total reflection sends the beams which fitil on them 
in the same direction as that sent out by the lens. Thus ray A is 
reflected by a prism, ray B is refracted by a prism, and ray C 
refracted by a lens, but all go in the same direction as the line 
from the light to the middle of the lens. As there ate four panels, 
this arrangement gives four beams. 

The lamps remain still, but the lantern with the lenses and 
prisms turns round every twenty seconds. The four beams turn 
with it and therefore, as they pass a ship, they are seen as four 
flashes of 0.23 seconds, with tiiree short dark intervals of 2.43 
seconds and a long dark interval of 11.43 seconds. 

Each lighthouse has a different arrangement of beams. It is 
essential that it should turn very steadily and very easily despite 
the fact that it is necessarily heavy. The ingenious notion of 
floating the lantern on mercury is employed. A trough T is 
filled with mercury and the hoUow base (B) of the lamp floats 
on iti Mercury is so dense that very little of it will si^ce to 
float the heavy lamp support. The turning is done by an electric 
motor and this is supplied by two generating sets of petrol-engine 
and dynamo— two, because one must always be ready if the other 
breaks down. Ships depend on the light for a warning of 
danger; it must never £ul. 


THE CAMERA 

In understanding the camera, a few very simple experiments 
will help. Cut a hole in the side of a cardboard box and put a 
strong lens in it — ^the lens from the eye-piece of an opera glass 
will do very well. Bend a piece of card so that it stands uptight 
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Fig. 297. — (Above) iilustiating the principles of the camera. (Below) » why a 
camera gives a reversed image. 


behind the lens and can be slipped backwards and forwards. 
Point the arrangement at a distant object — say the trees or 
housetops seen through the window. Now move the cardboard 
slide back and forth till you see a clear picture on it. The picture 
is upside-down and left-to-right. You can sec that if you had a 
sensitive plate instead of the cardboard and kept all light away 
except what came through the lens, it would be a simple camera. 
Now point the thing at some near bright object, say a vase on 
the table. To get a clear picture you must move the card back 
considerably. The further the object from the lens, the nearer 
is the image. Fig. 298 shows why the camera must be lengthened 
to take a near object: the nearer the object, the more the rays 
diverge and the less the lens makes them converge. This is 
the reason why a camera must have some arrangement (usually 
light-proof bellows) by which the plate can be placed near the 
lens for distant photography and ^ from the lens for close 
photography. Actually, no difference is noticed beyond about 
50 fee^ so a €xed camera will take sharp photographs at all 
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Fi?;. 298. — Showing why a camera must be made longer 
if near objects are to be photographed. 


distances beyond 
this. 

This is the prin- 
ciple of the camera. 
A practical camera 
has many refine- 
ments. First, it has 
a shutter which 
allows light to 
enter for a very 
short fixed time. 
Secondly, it has a 
stop which cuts off 
more or less of the 
outside of the lens. 


Thirdly, it requires a focusing arrangement, and fourthly some 
contrivance for changing piate or film without exposing it to 
the light. 

The sensitive plate or film is a very rematkable thing of which 
by no means everything is yet known. The coating of the plate 
is gelatine in which are suspended tiny crystals of silver bromide, 

a substance whose molecules are made of one 

A ^ 4 atom of silver and one of bromine. The silver 


B ^ A 




brc' 'de particles have sensitive specks of silver 
f- ’• de on them: the sulphur comes from ♦he 
gelatine, which is not merely 
a way of sticking the silver 
bromide to the plate. Now, 
when light reaches the plate, 
it strikes the silver bronude 
particles and in some un- 
explained way increases the 
energy of one, two or many 
molecules of silver bromide 
on each grain, so that they 
fly to bits and leave a few 


Fig. 299. — sensitive 
film. (A) Crystalline 
grair' of silver bro- 
mide. (B) The two 
outer grains have been 
exposed to light and 
contain numerous free 
atoms of silver. (C) 
Development reduces 
these latter grains to 
metallic silver. (D) 
Fixing removes the 
unch^ged bromide 
grains but leaves the 
silvei. 
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atoms of silver on each grain of bromide (containing, of course, 
millions ofatoms to the grain). Probably this happens at or near the 
sensitive specks. The plate looks just as it did before the e:q)osare, 
but it is really freckled with invisible free atoms of silver, ^ckest 
where the strongest light struck. The plate is developed: that 
is, immersed in a solution which can take bromine from silver 
bromide and leave %i\vct--provided diere is a free silver atom or 
two to lead the way, no one knows how. So, in the developer, 
there forms round each of the free silver atoms a mass of dark 
coloured silver. Where there was most light, most silver atoms 
were formed and silver is quickest produced. So a visible image 
or negative, darkest where the camera picture was lightest, 
remains. But the silver bromide which the light did not touch 
still persists and would slowly blacken in light. Accordingly, we 
fix the negative by putting it in something which will combine 
with and dissolve silver bromide very quickly, but silver only 
very slowly. “Hypo,” sodium thiosulphate, is used. This leaves 
on the plate only clear gelatine and a dark silver image. Since 
hypo does very slowly combine with and dissolve silver, it must 
be well washed out — ^if this is not done, the negative will fade. 

The process of printing on gaslight paper makes a positive 
with dark parts where the clear parts of the negative were and 
vice versa. Its developing Snd fixing works on just the same 
principle as that of the photographic plate. 

Silver bromide and ioefide are fiie only rapid sensitive chemicals, 
but several dozen other photographic processes are used, 
mostly for printing. The blue print process is one of these. 
In making a blue-print of a tracing, this is stretched over a sheet of 
paper containing ferric oxalate and potassium ferricyanide: two 
chemicals which do not afiect each other. light makes ferric 
oxalate lose carbon dioxide and make ferrous oxalate. The two 
sheets are e3q>osed to a brilliant light: where the ink on the 
tracing protects the ferric oxalate, it is unaltered and elsewhere it 
becomes ferrous oxalate. Now ferric oxalate has no effect on 
potassium ferricyanide, but ferrous oxalate and potassium 
ferricyanide in presence of moisture, turn into prussian blue. 



PLATE XX 111 



(I.cf/) Dibcasccl tobacco leaf. 'Ihc diseased patches can be rendered visible by 
[>hot(>^raph\ in infra-red light but not in nonnal light. Cuillins, 

Isle of Skye, taken by normal light, {hclon) by infra-red rays. By 

courtesy of .Nlr. b’. Baxeilen, of the Potato Virus Rese.arch Station, Cambridge; 

both by courtesy tif Messrs. Ilford, I.td.) 


PI.AT!' XXIV 



An alteration in a cheque invisible by ordinary lii^ht (ahfjir), h\n 
clcarlv shown in ultra-vi<ilet lie^ht couricsy cjf Hritish 

Hanovia, I-td., Slouch.) 
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Accordingly, when the print is done, it is washed in water and 
turns bright blue except where the black lines of the tracing have 
protected it. The finished print is in white on a blue ground. 

The magic-lantern or cinema projector is a camera. The screen 
is the plate. The whole room is the box of die camera. The lens 
of the projector is the lens of the camera, and the slide or the 
cinema film is the object being photographed. 

Fig. 500 shows ^ 

the arrangement 
of light, film, lens 
and screen. The 
principle of 
projector is 
simple enough: 

the practical diffi- Fig. joo. — G^une of light in ptofectof. 

culty is that all 

the light on the screen has come from the film or slide. 
Now the film may have an area of about square inches 
and the screen of 12,000 square mches; and in this case the 
film must be ten thousand times as brightly lit as the screen. Conse- 
quently, if the image on the screen is to be clear and bright, torrents 
of light must be poured on the film or slide. Light cannot be got 

16 
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without heat tays and it is fat from easy to prevent films from 
being overheated in a projector. With inflammable films this 
would be a real danger were it not that films are run through the 
projector so quickly that they have not much time to heat up. 

MOVING PICTURES 

The cinema camera is a camera which takes some sixteen 
successive pictures every second. The film is moved s^ep ^ step 
across the back of the camera proper. Each time the film stops, 
a shutter between the lens and film opens, and an exposure is 
made; before it moves on, the shutter closes. The effect of this 
process is to take a negative of the familiar cinema film consisting 
of successive pictures of a scene, each showing it as it appeared 
-/i^th second after the last one. Obviously the exposure cannot 
be more and must bclessthan j^thsecond. Accordingly, brilliant 
lighting must be employed to get the best effect. Press cameras 
have to be operated in dull weather. These have remarkable 
lenses almost as big as the picture they take in order to admit 
plenty of light. 5.J is the least aperture used, i-5 is not 

unconunon. Lenses of this aperture are difficult to make and 
most expensive. 

Qnema film is developed and fixed on the same principle as 
ordinary films, and positives are then printed on similar film: these 
are the films which will be shown. 

The cinema projector has a powerful arc or other light which 
illuminates the fihn. The heat is very great and if the film stops 
it is likely to catch alight; on account of this fire danger a fireproof 
projection room is used. The projector has two continuously 
moving “feed sprockets” which wind the film off and on to 
the spools; these keep a free loop of film in the projector. This 
film passes through the gate, which defines the edge of the 
picture and holds the film flat and at the right distance from 
the focussing lens, which of course works on the same principle 
as appears in Fig. 300. The essential part of the mechanism is the 



Hov Light Travtls 


485 



Fig. 301. — Small cinema projector. Note condenser lens to direct 
lij;ht on to film, blower to cool film by air blast. (From material 
kindly supplied by Messrs. Ross, Ltd.) 


intermittent sprocket and shutter. The intermittent sprocket 
is made to stop and start by the ingenious “maltese cross” move- 
ment (inset); each time the wheel revolves, the pin on it will 
turn the maltese cross sharply and then leave it still till the 
pin comes round again. The maltese cross drives the intermittent 
sprocket and this pulls the film past the gate step by step. So 
that the audience shall not see a blur when the film moves a 
rotating “flicker shutter” cuts off the light when the sprocket is 
pulling the film along. So the screen has on it a still picture for, 
say, a twentieth of a second, then a moment of darkness, then 
another slightly diflerent still picture, and then another moment of 
darkness. The audience does not see this, for the nerve endings of 
the eye take about ^ of a second to stop seeing a picture that has 
vanished. So the eye sees four or five dncma-pictures at once 
and blends them together, seeing the step by step differences 
between them as a steady glide. If you want to convince yourself 
that cinema pictures are discontinuous, next time you are in a 
cinema and can beu to take your eyes off the Prime Minister or 
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Greta Garbo, move your finger rapidly across your eyes and 
about eighteen inches from them. Instead of seeing a sort of 
strip of ghostly finger as you do in ordinary light, you 'will see 
a dozen separate “finger-images”; your finger being 'visible when 
the screen is bright and invisible when it is dark. 

All films to-day have sound effects. There are two 'ways in 
which diese may- be produced. In the system typified by the 
Western Electric, a large gramophone record plays the sound 
and is driven in exact time with the film: the problem of the exact 
synchronising of the sounds and movements has been very well 
overcome. 

The other type of process is scientifically more interesting. 
The sound-'waves are received by a microphone, which, as we 


have seen (p. 410), converts them into pulses of electric current. 
The pulses of electric current are amplified and made to work a 
neon-tube. This glows alternately brightly and faintly as the 
pulses of current traverse it. The light of this lamp is focused 
on a strip of film beside the picture and $0 makes a record 
of the sound-wave in bright and dark lines. As die film passes 
through the projector, the light from a lamp is directed through 
the film and on to a photo-electric cell which passes a current 
when light shines on it but does not do so in darkness. So as 



Fig. 302. — When light falls oa the potassium 
(black) in the glass bulb, it ejects electrons 
ticom it. The positive ring attracts these, thus a 
current flows. 


the bright and dark 
bands are focused on 
to this, pulses of current 
flow through it, which 
when led through a 
loud-speaker reproduce 
the original sound. 

The photo-electric cell 
is an interesting arrange- 
ment and can be made 
to do many amusing 
tricks. It is a glass bulb 
containing some of the 
metal potassium (or 
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rubidium). Light knocks out electrons fk>m this. It is easy to 
see from Fig. 302 that when light acts on the potassium and 
ejects electrons from it, these will flow to the positive electrode 
which tittracts them. These electrons will travel to the battery 
(or to earth), while electrons from the battery will take the 
place of those ejected from the potassium. In fact, a current 
will flow and a sensitive galvanometer in fbe circuit will detect it. 

The photo-electric cell is an “electric eye” and has found very 
many uses. It is very difficult to measure die brightness of light 
eiacdy by any means which employs that fallible instrument the 
eye. But a photo-electric cell gives an easily measurable current 
which depends on the brightness of the light which shines on 
it. It can be used for many simple inspection jobs. Suppose cans 
with dark labels are to be packed in cases, and are travelling along 
a conveyor to the packing room. A photo-electric cell will “see” 
the bright unlabelled can and its current can operate a switch 
which makes a machine remove it. 


MICROSCOPES 


Ihe reason why a lens magnifies will be more clearly seen 
when we realise what the eye is. The eye is simply a camera. 
Pig- 303 shows its 
chief parts. The “iris” 
is a stop to regulate 
the amoimt of light. 

It opens automatically 
in a dull light thus 
giving more light but 
worse definition. If 
you look at print in a 
room so dark that you 
can only just see it, it 
looks blurred because 

the worst parts of _ » • r u u / 

, , ‘ , Fig. JO}. — A section of the human eye (w pp. 894- 

the lens-round the 899). 
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edge — are in use. In brilliant light, the iris closes to perhaps ^ of the 
area and we see distinctly. Behind the iris is a lens of elastic, gristly 
and perfectly transparent material. This lies in a ring of muscle 
whidi by contracting can make the lens more nearly a sphere. 
This makes it bend the light more and so focus near objects 
clearly. When the muscles relax, the lens becomes thinner and less 
curved and so can foctis distant objects. At the back of the eye is 
the retina, a sensitive screen about which we do not understand 
much; more is said about it on pp. 894-899. It is full of nerve- 
endings which report to the brain whether light is falling on them 
or not and so inform it of the picture which the lens throws (up- 
side-down and right to lefti) on the screen or retina. Now the size 
an object appears to be obviously depends on the space its image 
fills on the retina. Look at Figure 304 and imagine the lens L is 

not there. The object 
is giving out diverging 
rays of light. These go 
to the eye and form an 
Fig. 304. — ^Why a convex lens magnifies. image Ij. The dotted 

lines show how the 
light goes. But there is actually a lens between the eye and the 
object, the object being nearer to the lens than its focus; this is the 
only condition on which a lens will magnify. The rays from the 
feathers of the arrow still go to the middle of the eye, but the 
rays from the point of it, instead of diverging a lot, are bent so 
that they only diverge a little and so are bent inward much 
more by the lens of the eye; the image is therefore much bigger. 
Another way to think of it is to realise that the rays after being 
bent by the lens are diverging as if they came from a much larger 
object rather further off and this object is, in effect, .what the 
eye sees. Roughly speaking, the more sharply a lens is curved, 
the more strongly does it magnify. Magnifications of about 
twenty times are got with single lenses, but usually powers of 
more than X 6 are obtained by the use of a microscope which 
will magnify any small object from ten to about three thousand 
times. Bigger magnifications could be reached, but they are 
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not useful because a light wave can only show up distinctly an 
object of more than J of its length and an object of this size 
can be seen very distinctly if magnified 1000 times. Actually 

a magnification of 6jo 



brings out all pos- 
sible detail ; higher 
powers show no more, 
they merely make the 
object larger but less 
distinct. If ultra-violet 
light with, say, | the 
wave-length of light is 
used, things four times 
as small can be seen, 
but the work is diffi- 
cult — firstly, because 
this ultra-violet light 
docs not penetrate glass 
and therefore all lenses 
have to be made of 

Fig. 305 The con- 

tours indicating the average 
number of electrons at each 
point in an anthracene 
molecule. The electrons will 
be most frequent where 
thete is an atom, so if the 
figure is considered as a 
mounuin-map the peaks are 
atoms. (Right) The interpre- 
tarion of the contours as a 
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chemical formula, a picture 
of the molecule a hundred 
million times magnified. 
(Below) The formula at 
usually printed. This is the 
same as the right hand 
figure but teen from a 
different angle. (Courtesy of 
Professor J. M. Robertson, 
from Tlie Crystallim Struf 
iurt of Anthroem in the 
Proc. Roy. Soc., VoL 140. 
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rock crystal, which is very hard and expensive to grind; 
secondly, because ultra-violet light is invisible and has 
to be recorded on a photographic place. In this way 
a thing .00004 cm. long can be photographed, provided 
the grain of the plate is not too coarse. X-rays have so 
small a wavelengdi that if we could focus them by 
lenses we could photograph atomsl This cannot be done, 
but by using Fourier anal3rsis — a mathematical method — 
to calculate the way X-rays ace bent and reflected by 
the layers of atoms in a crystal, we can really map 
out a picture of where these atoms are and how they lie in 
respect to each other. Fig. 505 shows 
su<^ a picture of the atoms in crystals of 
anthracene, beside it is the arrangement of 
atoms we have assigned to anthracene for 
the last fifty years on the grounds of its 
chemical behaviourl 

But to return to our microscope. It 
has two mmsary lenses, the objective 
(usually but not always made up of several 
small lenses) and die eye-piece also made up 
of two lenses. High-power microscopes also 
have a condenser to focus the light on to 
the object which is being looked at. Fig. 
306 illustrates the simplest possible micro- 
scope. The tiny powerful objective lens 
cat^es the rays fluming out from the objec- 
tive and makes them converge, cross and 
diverge again. The eyepiece lens catches 
these divergent rays and bends them inward, 
at the same time making them less divergent. 
The eye catches and focuses them on the 
.. retina, where they take up quite a big area. 
^The rays come to the eye in the same direc- 
„ - ... don as they would have had if they had 

Fio. 306.— The pnnaple . ■' v i_. i- 1 ' 

of the microscope. come from a far bigger ob ect about 10 
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inches away, and this 
imaginary object is 
what the eye thinlrs 
it sees! Suppose the 
bacterium or what- 
ever object we are 
looking at is made 
to look a thousand 
times as long and a 
thousand times as 
broad: it then will 
seem to have a 
million times the 
area. So the light 
from that bacterium 
is spread over the 
area of a million 
bacteria and will of 
course be a million 
times fainter. For 
this reason, if a high 
power is being used, 
an intense spot of 
light is usually 
focused on to the 
object; if this is not 
done, it looks faint 
and dull and details 
cannot be perceived. 

A very small 



change indeed of P*®* 5®7' — A tnodem microscope (Messrs. W. Wat- 
j. ^ c son’s “Setrice" model, kincUjr supplied by the 

the distance of the makers). 


objective from the 


object will alter the angle of the ra 3 rs so that they no longer 


diverge into the eyepiece at the correct angle to be con- 
verged again into the eye. G^nsequently, delicate arrangements 
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for fusing and lowering the objective lens are needed — these are 
called the coarse and fine focusing adjustments. Fig. 307 shows 
a microscope suitable for the highest class of work, Messrs. 
Watson’s “Service” model. We note that it has: 

(1) A stand which is very heavy and firm; this is most necessary, 

for if the joints were loose or flexible enough to let the object 
shift only 70^0 ^ would seem to shift a whole inch 

when magnified 1000 times. 

(2) A movable mirror to throw the light on the object and a 
condenser made up of several lenses to focus a spot of intense 
light on the object. 

(3) A stage to support the glass slide which carries the 
object. This stage is often moved by screws and racks, for it 
takes a delicate finger to shift a slide ^0,70 of an inch at once as is 
needed in examining bacteria, etc., under a power of X2000. How- 
ever, these “mechanical stages” are not favoured by all biologists. 

(4) An objective lens. Two or three of these are usually 
carried on a nose-piece, so that they can be rapidly changed. 
The objecdve is one of the triumphs of the lens-maker’s art; the 
lenses are so tiny and have to be so accurately mounted and 
centred that a good objective is an expensive article; it is quite 
possible to pay fio for one. The reason for having several 
lenses in the objective is to get rid of spherical aberration (p. 473), 
which would make the image indistinct, and also to prevent the 
lenses acting like prisms and separating the colours of the white 
light. A bad lens often shows quite noticeable coloured fringes 
round fine details. These two defects of the simple lens have 
been the subject of endless ingenuity and research; the perfection 
of our modem instruments is remarkable, but it is not yet 
possible to get a lens absolutely free from these faults. The 
objective has to be very near the object, which can only be 
coveted by the thinnest slip of glass. 

(5) A tube to carry the lenses, shifted up and down by the 
coarse and fine adjustment. The coarse adjustment is only a 
rack and pinion very accurately and delicately made. The fine 
adjustment allows dre objective to be raised or lowered by 
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distftocc fts s fln & U sis 
of an inch. The tube which 
holds the lenses tests on an 
L-shaped lever, the long end 
of which is supported by a 
collar which can be moved 
to left or right by a screw. 

A wboh turn of the screw 
moves the collar only ^^0 
which moves the short end 
of the lever less than of 
an inch. 

(6) An eyepiece fitting 
into the top of the tube. 

This is made from two Fig. joS.— Fine ^justment of “Servi^’ 

lenses and a stop between watson & Sons, Ltd.) 
them. 

It is easy enough to use the microscope. The object is put on 
the slide and the objective racked down almost to touch it. The 
mirror and condenser are adjusted until a good light is seen in the 
'•ye-piece. The objective is then racked up by the coarse adjust- 
ment till the image appears. The fine adjustment is then used to 
get exact focussing and a perfectly sharp picture. 

This is well enough for a fairly low power and easy objects, but 
when we are trying to make out the exact appearance of 
bacterium’s inside at the very limit of the microscope’s power, 
great skill is needed. The light must be exactly focused by the 
condenser. The object (probably under water) is covered with a 
thin glass of exactly calculated diickness. A drop of cedar oil is 
allowed to run between this glass and the objective lens and 
between the condenser and slide. This prevents total reflection of 
valuable light rays (and has other advantages). Light of only 
one wavelength is sometimes used to prevent the formation of 
colour fringes. The eye itself makes a great difference. The novice 
sees the image in a microscope clearly enough but finds it very diffi- 
cult to interpret it. AU the things he sees are unfamiliar and he feels 
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like a hog stating at a piano. The ei^rt sees and interprets 
details which the novice would not notice. 

Photographs can be taken with the microscope. A different 
eye-piece is used and a long beliows-^amera attached where die 
eye usually goes. In a town microphotography is very difficult, 
for the minute vibrations due to tti^c blur the image seriously. 

It has recently been found that the electron itself behaves like a 
packet of exceedingly short waves, though they are probably not 
electromagnetic u^ves, as is light or the X-rays. Thus, the 
electron can show interference effects which can hardly be 
attributed to a particle of matter. We can calculate the length of 
these waves and they are exceedingly nunute — shorter than the 
hardest X-rays. 

This discovery led to the very recent and promising invention 
of the electron microscope which may very possibly be developed 

to give us vastly greater magnifica- 
tions than the ordinary light- 
microscope. Streams of electrons 
cannot of course be focused by 
lenses but they can be deflected 
by electric or magnetic fields and 
it has proved possible to deflect 
a beam of electrons streaming 
from the cathode of an X-ray tube 
by passing them through wire coils 
carrying a current and therefore 
giving a magnetic field. These 
magnetic fields can make the beam 
of electrons converge and diverge 
just as lenses make light rays 
come to a focus or spread out. 

shows an electron 

„ ^ . microscope. It is like an ordinary 

Fig. 309. — ^The electron microscope. , • ^ j j -.i 

(Courtesy of Messts. Edward nucfoscopc inverted and With 

Arnold & Mcsms. Julius Springer, coils for lenses. The whole thing 

Revlin; from Sttem Prosms (Jan. . , , j 1 ^ ^ 1 • ? 

X935.) IS enclosed and kept at a high 
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vacuunn. Pligh tension currentis applied to the anode and cathode, 
and just as in the X-ray tube (p. 516), electrons stream £rom the 
cathode. The condenser coil focuses them on to the object to 
be magnified. Another coil acts like the objective of a micro- 
scope and a third (projection) coil like the eyepiece, focusing the 
electron beam, so that it gives an image on a photographic plate. 
The advantage of this technique is that an electron behaves like 
a wave of exceedingly nunute length. 

As we have seen, the ordinary light microscope cannot give a 
sharp picture of anything smaller than a third of the wavelength 
of the light it uses, that is, the limit of visibility remains at about 
.00004 cm-> however great the magnification. But the tiny 
electron-waves might theoretically give a sharp image of an 
object only 1.6 x io~® mm. — about the size of a large atom! 
This has not yet been achieved, but there is no doubt that the 
electron microscope offers a possibility of taking a' photograph of 
a molecule! 


Microscope 



s 

Fig. 310. — The principle of the ultrainicroscope. 


The ultramicroscope enables us to see — after a fashion — 
particles which are too small to be seen with the ordinary micro- 
scope. Its principle is that, as has already been explained on 
p. 472, very minute particles can scatter light. If an intense 
beam of briUant light is directed sideways into a liquid under a 
powerful microscope, none of the rays can enter the objective 
unless they are turned aside. Now if a liquid such as a “solution” 
of colloidal silver is used, every tiny metallic particle in the 
liquid will scatter some of the light and will be seen by the 
microscope as a dancing speck of light. Their shapes cannot be 
discerned; actually, the particle is not seen at all, but its position 
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is marked by the dny halo of light it scatters. The Brownian 
movement of these dny pardcles is fascinating to watch: they 
do not roll and tremble under the buffets of the water mole- 
cules as do the pardcles in Indian ink: they dart and dance 
under the ceaseless hail of blows. Here is a true perpetual 
modon. 


tmJESCOPES 


The telescope is designed to enable us to see distant objects 


more clearly. The principle on which it works is, roughly 
speaking, that the rays from a distant object are bent by the 
lenses to such an angle that they diverge slightly and so fill the 
whole of the retina of the eye instead of converging and being 
focussed on to a tiny patch of it. It is important to note that the 
rays from a distant object enter a lens (or mirror) much larger 



than the pupil of the eye. All the 
light which comes from the object 
to the large object glass finally 
enters the eye. ^he result of this 
is, that although the image is made 
larger, it is sdll bright. The chief 
kinds of telescope are the Kepler 
form which is used to-day in 
small astronomical and all ordinary 
small telescopes, and the Galilean 
telescope which is often used in 
opera glasses. 

Reflecting telescopes with mir- 
rors instead of lenses are used 
for astronomical telescopes. 

Fig. 51 1 shows an astronomical 
refracting telescope made by 
Messrs. W. Watson. In its 


Fig, 311. — Astronomical refracting 
telescope. (Courtesy of Messrs. 
W. Watson & Sons, Ltd.) 


simplest form the ordinary 
astronomical refracting telescope 
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is just two lenses. The object glass receives 
the nearly parallel rays which it brings to a 
focus. The light diverges from this and 
the eye-piece lens brings it to an angle 
at which the eye can focus it into a large 
image, which you can see will be upside 
down. This does not matter, for stars 
and planets have, after all, no “right-side- 
up.” The principle and the course of the 
light is like that of the microscope, but 
instead of a powerful tiny objective designed 
to converge rapidly diverging rays, it has 
a weak lens which converges rays, already 
nearly parallel, from a distant object. The 
objective is of large diameter so that as 
mucli light as possible may be collected. 
The actual telescope as used, has a large 
objective which may be 3 inches in diameter 
(as in Fig. 311), or as much as 3 feet in 
the largest telescopes. This lens is built from 
two different lenses made of different glasses 
in order to prevent tlie prism effect and 
avoid colour fringes. At the other end of the 
tube is the eye-piece, made up of several 
lenses. The mounting is very heavy and solid 
because any vibration is magnified. A 
counter-poise takes the strain of the pivot. 
Graduated circles show the astronomer 
the angle his instrument is making with the 
star he is watching. The terrestrial 
telescope (Fig. 312) is like the one we have 
studied except that it has a pair of lenses in 
the centre which turn the image the right 
way up. It has a sliding tube for focusing 
purposes. 

An astronomical telescope needs very little 



Objective Reversing lenses Eyepiece 

Fig. 312. — ^Tenestfial telescope. (G>iirtesy of Messrs. W. Watson & Sons, Ltd.). 
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focusing, for all the things it is used on ace so £u; ofif that, for 
telescopic purposes, they may be considered to be at the same 
distance. 

A pair of binoculars is a combination of two small telescopes. 
The magnification of a telescope depends on its length, so it is 



Pig. ji). — ^Ptismaticbinoculats. (Courtesy of Mes8i3.W. Watson Sc Sons, Ltd.) 

desirable to have a long instrument. But a long instrument is not 
portable. Fig. 313 shows a pair of Messrs. Watson’s prismatic 
binoculars and illustrates the ingenious uiethod by which the 
light is made to go a long way in a short titbe by totally reflecting 
it (p. 460) four times from the backs of two prisms. This process 
also turns the image the right way up. Prismatic binoculars are 
always used where a magnification of more than about 6 is 
desired. 

Opera glasses often have a convex object glass and concave 
eyd'piece. They give a brilliant image and occupy little space, but 
ate only suitable for small magnifications. 

The reflecting principle is preferred for large astronomical 
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telescopes. To see faint distant stars^ it is necessary to collect a 
wide field of rays and concentrate these into the pupil of the eye 
or on to a photographic plate. Very large lenses are much 
harder to make than very large mirrors, so when a telescope of 
eight feet in diameter is constructed, a mirror replaces the lens. 
There are other reasons for preferring the mirror. Thus it is at 
the bottom of the telescope 
and is better protected from 
draughts than a lens. Changes 
of temperature are fatal to 
good work because the lens 
or mirror expands uneqiially 
and loses its carefully con* 
trivcd shape. 

Fig. 314 shows one pattern 
of reflecting telescope. 

The parallel rays from a 
star enter it and, since the 
mirror is a concave one, they 
are concentrated on to a 
small oblique mirror which 
throws them into the eyepiece at the side. 




CHAPTER XVII 


The Long Waves 

INFRA-RED RATS 

L ight is only one octave in the scale of radiation. It is the 
easiest to study because out bodies possess in the eye a 
sensitive light-detecting organ, able to discriminate roughly 
between the different wavelengths. Light, too, is perfectly 
transmitted by glass, and so is easily concentrated by lenses, 
reflected by mirrors and so forth. If we sort out the spectrum of 
the radiation from a glowing body (say, a gas mantle) with a glass 
prism, we see a band of colours, violet, indigo, blue, green, 
yellow, orange, red — ^but beyond the place where the red light 
ceases, nothing appears. 

If, instead of a glass prism, we use one made of transparent 
rocksalt, we find that a long strip beyond the red light is hot. A 
delicate heat detector is a thermocouple: in its simplest form, it 
consists of wires of different metals joined, one join being kept 
cold: an electric current is produced depending on the temperature 
of the hot join. If it has several such junctions it is called a 
thermopile; by using a very sensitive galvanometer to detect the 
electricity, we can thus make a far more sensitive heat-detecting 
instrument than any thermometer. A good instrument will 
show an increase of temperature of a millionth of a degree. 

If we make a spectrum with a rocksalt prism as described 
above and move a thermopile along it, we find that there is a long 
hot region beyond the red end of the visible spectrum. These 
infra-red rays extend from 8,000 A.U. to about 1,000,000 A.U., 
about five "octaves.” These waves are invisible: when they fall 
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on anyllungt they warm it. They can be leftacted 
and reflected just like light but thete is a good 
deal of difficulty in handling them, because 
very few materials let them through. They can 
now be photographed and infra-red photography 
is important because these long waves are not 
scattered by dust or mist. Thus, a photograph 
taken by infra-red rays is brilliant and sharp. 

Plate XXin shows two views, one taken in 
ordinary light, the other taken through a screen 
which shuts out ordinary light, a plate sensitised 
to infra-red rays by certain dyes, being used. 

Many objects which reflect ordinary light in 
the same manner and therefore look alike, reflect 
infra-red rays differently. Plate XXIIl shows the 
detection of “mosaic disease” in a tobacco-leaf 
while it is yet invisible to the eye. 

A striking result is the possibility of taking a 
photograph in a dark roomi Plate XXIV shows 
a photograph taken of a tea-cup taken in total darkness by the 
rays from two hot electric irons! Several hours’ exposure is 
needed. It should be possible to take photographs in dark rooms 
with these specially sensitised plates provided that a sufficient 
exposure were given, for infra-red rays arc always being emitted 
by every object. 

The “residual rays” are of even longer wavelengths; they can 
be reflected from rock-crystal which transmits the ordinary infra- 
red rays. They are not at present of practical value. Only slighdy 
longer than these, however, are the shortest waves of “radio- 
frequency.” 

RADIO 



piindpie of the 
thetmo- couple. 
When the two 
junctions ate at 
difieient tem- 
peratures a 'cut- 
tent flows. The 
right-hand junc- 
tion is kept at a 
constant tem- 
perature, the 
other is used as 
a thermometer. 


Electromagnetic waves of frequency from a few inches up to a 
mile or more can be generated by moving electric charges, and 
are of vast importance as the means of transmitting wireless 
telegraphy, telephony and television. For these purposes, waves 
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of IcQgdi loo — 2,000 meties ate most suitable: the short wav^ of 
10 metres or so are rather easily screened by intervening hills or 
buildings, but are likely to be important for television, llie most 
obvious difference between wireless waves and light, is that the 
former ate able to pass through (or round) all ordinary obstacles. 
Light is stopped by most kinds of matter because light waves are 
of about the right frequency to set an electron moving in an atom: 
consequently, the Ught is used up in setting these in motion. A 
wireless wave is so much slower that it is quite ‘*out of tune” with 
ordinary matter, and therefore passes through it without a^scdng 
it or being affected by it. 

The principle on which wireless waves are generated is to set 
electrons surging back and forth in a wire, the aerial; the number 
of times they swing along the wire every second can be altered in 
various ways. As we have already seen on p. 422, an electric 
charge moving back and forth will cause an electromagnetic 
wave of the same frequency (speed of vibration) as the motion of 
the charge. The simplest device which can make an electron 
rush backwards and forwards from 30,000 to 3,000,000 times a 
second, is the old-fashioned spark transmitter. Fig. 316 shows it 
in a very simple form. Wireless waves are generated by an 
electron moving back and forth along a wire. The frequency 
of the wave depends on the time of travel. 

Suppose the induction coil is set to work. It crowds electrons 
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Fig. 316. — ^The old-Buhioned spark-ttacumitter. 
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into the left-hand side of the apparatus and draws them out of the 
right-hand one. The attraction of die positively charged plate 
(B) of the condenser assembles a great multitude of electrons on 
the negative plate (A) (Fig. 316, 1). As the electrons accumulate 
on the left, a time comes when their mutual repulsion is too 
great and they leap the spark gap and rush round the wire to B. 
(Fig. 516, II). But, just like a pendulum falling, they over-readi 
themselves and pile up at B. (Fig. 316, III). They then repel each 
other as badly as before and so rush back across the spark gap to 
A. The electrons thus rush back and forth along the wire and, in 
doing so, will generate a wave. Now the frequency of this wave 
will depend on the number of joume3rs the electron will do each 
second: i.e., on the time they take for each journey from A to B. 

This time depends first on the capadty of the condenser. By 
this we mean the number of electrons it will take before they get 
to such a degree of overcrowding and repulsion that they repd 
each other back again. Natur^y, the bigger die condenser 
plates, the more electrons they will hold and the nearer the plates, 
the more they will hold (because it is the attraction of the positive 
plate keeps diem there and the shorter the distance, the greater 
the attraction). Well, the greater the capa- 
dty of the condenser, the longer it will take 
to fill and empty; so by using a varidbh 
condenser (Fig. 317) we can alter Ae vibration 
time of the circuit. In a variable condenser 
the area of the effective part, where die 
positive and negative plates face each 
other, is altered by turning the milled head. 

Included in the drcuitis also an inductance I. 

This is a simple coil: as the electrons speed up 
round one turn, they tend to induce a current 
in the opposite direction in the next turn and 
so oppose thdr own motion. An inductance 
then slows down the vibrations. So by 
varying the size of the condenser and the in- 
ductance, we can, in theory, at least produce 



Fig. 317 — The jpfin- 
ciple of the vatiable 
condenser. The 
elective part of the 
condenser is where 
AandBoverlap: the 
extent of this is 
altetable by turning 
A. (Courtesy of the 
University l^itorial 
Press, from Hutch- 
inson’s Wtreliss^ 
Its Pnndp/es awl 
Practise. 
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osciUadons of any wavelength we like. Actoally, the spark 
transmitter is out of favour because it emits a great number of 
harmonics, waves of multiples of the main frequency and these 
interfere with other users of the radio. 

All modem wireless telegraphy and telephony is based on the 
thermionic valve. The three-dectrode valve is the foundation of 
all forms of radio apparatus. In its simplest form it has a plate P, 
a perforated grid G and a fine filament F in a high vacuum. 



Fig 318, — (Left) The interior of a triode valve* Part of the 
outer (solid) plate and of the grid of spirally wound wire 
is cut away, exposing the filament. (Right) The parts of a 
valve shown diagrammatically. (Courtesy of the 
University Tutorial Press, from Hutchinson’s Wreless: 

Its PrimpUs and Practia,) 

The metal filament is coated widi some material which 
emits electrons when hot, usually calcium or barium oxide, and it 
is kept hot by a small current (from the battery B). The plate 
and filament are connected to the terminals of a high tension 
battery. Suppose the grid is electrically neutral (Fig. 519, A) — 
not connected to anything. The positive plate will attract the 
negative electrons and they will flow from the filament to the 
plate. In other words a current will flow through the circuit, 
P. G, F. 
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Suppose, however, the grid is given a 
small negative electrical charge (Fig. 
319, B). It wll repel the electrons which 
try to get through its meshes and since 
these are very near the grid and a very 
long way from the plate, a smaU negative 
charge on the grid will repel them much 
more than the big positive charge on the 
plate wUl attract them. So,ifthe grid has 
a negative potential of about 6 volts, no 
current flows; if it is neutral, current flows 
easily. If it is positive, current flows still 
mote easily for the grid charge hauls the 
negative electrons through the meshes. 
Once they ate through, the positive 
plate pulls them in. The point, then, 
is that a littk change in the charge on the 
gjrid of a valve makes, a big change in the 
current that flows through it. 



NO CUttRENT 



Fig. J19. — Action of triode 
vafve» electtons re- 
ptesented as small circles. 


The manufacture of valves is of course a most skilled busi' 


ness. The merit of a valve is (i) that the filament should emit 


plenty of electrons, this is ensured by. coating it with various 
oxides (e.g., barium oade) (a) that the grid should have the 
utmost repelling force for a given charge on it. This is done by 
making it of the finest metal gauze so that electtons must come 
very near to it in order to pass through. (3) There must be as 
perfect a vacuum in it as possible. If gas is present in appreciable 
quantities, it will ionise (p. 286), and the positive atoms will 


bombard the filament and damage it. 

The modem radio transmitter is a very complicated arrange- 
ment. It has to produce waves of very great power and of 
practically fixed wavelength. We shall do best to see how a 
simple valve transmitter works, so at least grasping the prindple 
of l^ge-scale transmission. A battery B is connected through an 
inductance coil I to the plate of the valve P, and also to the fila- 
ment F. Current will flow in this circuit if the grid is neutral or 
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Fig. 3 »o. — wry simple valTC-tians- 
mitter (without aerial). 


positive, but not if it is mote 
negative than, say, 6 volts (see 
Fig. 519). But as soon as cur- 
tent flows in the inductance 
coil I, it induces a current in 
the opposite direction in the 
coil r. This makes the grid 
negative and stops the first 
current. But stopping the first 
current in I induces a new cur- 
rent in the other direction 


tiurough I'. This makes the grid 
positive and starts a new current in I which again induces 
a current the ’ original direction in I'. This process will 
continue ad itfimtua, the current of electrons in F being re- 
versed hundreds of thousands of times a second. The number of 


times a second the electrons run back and forward in I' depends on 
the slowing of the current by the inductance itself: but it can be 
regulated by putting across the circuit a variable condenser (Q 
which has to be filled and emptied of electrons each time the 
current changes. By altering the capacity of this condenser, the 
time of oscillation can be altered. The electrons, running up and 
down this coil I' and the wires which feed it, would generate elec- 
tromagnetic waves, though rather feeble ones. In order to radiate 
electromagnetic waves of consider- 
able power, the coil I' is allowed to 
induce currents in a tKrd coil (A) 

(Fig. 521), which is connected to 
earth and to an aerial wire. By 
altering the length of this coil, 
it is possible to make the aerial 
and coil (A) of the right length 
for the free electrons in them to 



surge &om end to end in time 
with the reversing current in the 
coil r. This little current keeps 


Fig, 321. — How the waves gener- 
ated by the valve ate radiated by 
the aeriaL BB, connections to 
grid and filament. 
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the electrons vibrating strongly, just as the light push of the 
escapement of a clock (370) ke^s a big pendulum vibrating. 

It is important to grasp that die electromagnetic waves induced 
in the ae^ have a frequency of 300,000 to several millions per 
second. We wish to use these waves to e:q)ress by their variations 
sound waves with a frequency of 100 to 10,000 a second. During 
the time of a single sound wave from 30 to 100,000 electromagnetic 
waves will be transmitted. Thus, if you are transmit ting music 
and you want to send a musical note of 1,000 vibrations a second 
by means of radio waves which vibrate perhaps a -million times a 
second, you must switch the latter off and on a thousand times a 
second: so sending out pulses of five hundred waves eadh, 
^jf^^th of a second apart, thus: 


500 waves 


each iasting 
loooooo sec. 


500 waves 


each lasting 
1 000000^ S®*-' 


500 waves 


each lasting 

t 

i'oooooo sec. 


2000 


sec. 


3000 


sec. 


3000 


,thsec. 


3000 


thsec, 


2 0 00 


thsec. 


Now, we already know that a telephone transmitter into which 
a musical note of 1,000 vibrations a second was played would 
send pulses of electric current a thousand times a second, so that, 
if we connect a telephone to the grid of a valve (D, Fig. 322), 
the valve will let a single pulse of current through at every sound 
vibration. This pulse will reach valve E and start oscillations in I 
and r and so set the electrons swinging in the aerial. Accordii^ly, 
the arrangement in Fig. 322 would make a simple transmitter. 

The telephone gives currents H 1 1 1 — etc., in time 

with the sound waves. Valve D turns these into stronger poises 
ctf direct current +, +, +, +» +. +» still in time with the sound 
waves. Each pulse sets the current in the two coils I and F 
oscillating at some very high frequency as long as the pulse lasts. 
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FiC. 32*. — The simplest ttaosmitter fot vueless tetephoay. 
The current in 1 ' is an alternating one thus: 


no 

current 

current oscillating 

no 

current 

current oscillating 

no 

current 

for time of i 

for time of i 


sound wave 


sound wave 

etc. 


These oscillating currents set electrons surging in the aerial: 
this sends out trains of \7aves of the same frequency, and each 
train of waves corresponds to a single sound wave. 

In order to receive the wireless waves, the first thing is to 
catch your waves. To do this, you may regulate your aerial 
length till the electrons in the wire will surge back and forth 
along it about a million times a second. This can be done by a 
coil of variable length like the one in Fig. 321. However, a more 
usual method is to attach a variable condenser so that you can 
slow or quicken the surge of electrons by giving them a bigger or 
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smaller coadenser to fill. 
The electromagnetic waves, 
when they reach the aerial, 
set the electrons in it 
swinging in time with 
themselves, say, 1,000,000 
swings a second. The 
process of getting the aerial 
to the right period is called 
"tuning.” Suppose we fit 
up a circuit as in Fig. 323. 
The aerial currents surging 
back and forth make an 


AERIAL 



Atelephone 


EARTH 

Fio. 323, — The simplest valve teceivcr. 


alternating current in the circuits on the left of the valve. The 
current going through these can be represented-thus: 


VVVW\A/V AA/V ^- 


-/VWWVVWV'-- 


Fig. 324. 

This current makes the grid alternately positive and negative. 
To the grid is connected a small battery which just keeps it 
negative when no alternating current is being sent in by the 
aerial. When the grid is negative no current flows from filament 
to plate but when the aerial sends a pulse of positive current to the 
grid strong enough to weaken or reverse the negadve current 
from the battery, a current will flow from the filament via the 
grid to the plate. The result is, that instead of the alternating 
current, we have in the circuit through filament plate and tele- 
phone a succession of currents mainly in the same direction, each 
a little more than half a sine curve. 


-VL 

Fig. 3*j. 

Now, a succession of electric currents lasting a nullionth of a 
second at intervals of a millionth of a second, aflects a telephone 
receiver like a smooth continuous current, for a telephone is 
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much too heavy a piece of apparatus to vibtate at this speed. So, 
if the transmitter sends out groups of waves, thus, each group 
lasting for a thousandth of a second, 



the valve will rectify them thus; 


-^ 11 — — /wwv/% . 

and the telephone will vibrate as if a current was switched on and 
off in it, thus: 


oflF for 
loooth 
sec. 



off for 


on for loooth sec. 

loooth 

sec. 

on for loooth sec. 


off for 
loooth 
sec. 


which will make its diaphragm vibrate five hundred times a 
second and generate a sound of 500 waves a second. 

We have talked throughout as if the sound wave was like this: 


..i'ljxi i.n_. 

Fig. 526. 

and therefore gave a similar current in the microphone or tele- 
phone and caused electromagnetic waves like this: 


Fio. $47. 


to be sent out. In actual fact the pressure wave of a sound 
is more like this only more complicated in form. 


Pig. jaS. 
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and the telephone currents ate thus 


PosHiue 

Negathtc 


Fig. 529. 


J09 


This makes a current like this in the rectifying valve dtcuit 

^ /\ /\ - >^ /\ /\ /^ 

Fig. }}o. 


and a varying current in the aerial which sends out a wave iike 
this, reproducing the form of the original sound wave in a pattern 
of electromagnetic waves. 



Fig. 5}i. 


This is the wave that is picked up by the detector aerial. After 
passing through die detector valve (p 507) it has the form shown 
below, 



Fig. )S2. 

the lower negative halves being much reduced in amplitude with 
the resuit that pulses of rapidly interrupted current, varying in the 
same way as the original sound wave are produced. These after 
amplification operate the telephone or loudspeaker. 

No wireless set is as simple as the ones I have described. The 
most important additions ate the use of mote valves to increase 
the currents from the aerial to the rectifying valve, and the 
airrents from this valve to the telephone or loud speaker. The 
way in which a valve is used to increase a current is e^lained on 
pp. joa, 50J. 
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But since it is not vety easy to understand any wireless set, 1 
have kept to the simplest possible. My diagrams are about as like 
the real thing as the maps in the Tu^ trains are like the actual 
system. But if you grasp how a sound wave can be translated 
into electromagnetic waves and these back to sound, you will 
at least be in a position to begin to understand 'liow wireless 
works.” 

Television — the process of making a scene enacted in one spot 
visible at another by the agency of radio signals — ^is a far harder 
problem than broadcasting. A single train of sound-waves will 
convey to the ear all it can hear. The complex sounds of a 
railway station, for example, can all be reproduced by the single 
vibrating plate of a loud-speaker or soimd box. It is otherwise 
with light. In “viewing” the image on the retina of the eye, the 
brain appreciates a pattern of stronger and weaker light-waves all 
pereehed at onet. Wireless signals entering an aerial can only give 
one signal at a time; they are either coming in or not coming in, 
and that is all there is to it. They can give any pattern of signals 
one after the other, but not at the same time. Accordingly, 
television has to divide the picture into lines and spots and show 
each part with a single signal. If a whole picture is shown, one 
part at a time, but all within a twentieth of a second, the eye will 
see it as a whole because the first part will not have faded from its 
retina until the last part has already made its impression. 

This presents a formidable task which, however, has already 
gone far towards being solved. 

The working of a television transmitter and receiver is more 
than this book can describe. However, we shall get a hint of the 
principles if we imagine a picture, say a film, at the transmitting 
station. Now suppose it ^vided into an imaginary gridiron of 
lines as at A. Make a thin light beam travel along all those lines 
from X to Y, 25 times every second and let tiae light spot be 
focussed on to a photo-electric cell 484) which allows a 
current to pass proportional to the brighmess of the light that 
fidls on it. When the beam is traversing a dark part of ^e film, 
the photoelectric cell will let little current pass: when the beam 
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goes through a light part, a 
bigger current will pass. So 
dutiageadi ^i^thof a second, 
the photoelectric cell will 
send out a current which 
varies from strong to weak 
in just the same way as the 
part of the film then scanned 
by the beam, varies from 
light to dark. Now this 
varying current can be made 
into a wireless signal just in 
the same way as the varying 
current of a microphone. 

The receiver has a beam 
of light which Hashes over 
a screen and moves in just 
the same pattern as that in 
which the transmitting beam 
moves. This beam is made 
(by other signals) to keep 
exact time with the trans- 
mitting beam. So, if the Fic. j3j.-Di«nun mustming simplest 
° ^ pnnaples of television. 

transmitting beam is at Q 

at any instant, the receiving beam will be at the corresponding 
spot Q'. 

Now the television signal is received like any ordinary wireless 
signal, but instead of working a telephone, the electric currents 
produced by the set — which, of course, are identical with those 
produced by the photoelectric cell in the transmitting station — 
are used to make the receiving beam fainter or brighter. Thus, 
if the transmitting beam is passing a dark bit of the picture at Q, 
the receiving beam will be at Q' and the faint signal will make it 
dim. If the transmitting beam is on a light bit at R, then at that 
moment the receiving beam will be at the corrrespondingspotR' 
and will be made bright by the strong wireless signal it has just 
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lecdved. Accoidingly, every bit of the receiving screen will be 
illuminated strongly or weakly, once in ^-g second and the 
little bits of dark and bright iJliunination wiU be combined by 
the eye into a single picture. This should explain how a still 
picture at the transmitting station is received by the set. 

Now suppose that each IjV second a ntv slightly different 
picture is transmitted from the station. Gearly these will blend 
(as in the cinema) and we shall see on the screen a moving 
picture. 

Television will certainly develop rapidly though probably 
more slowly than did broadcasting. The technical ^ficuldes are 
much greater: none the less, remembering what broadcasting has 
become in 1 5 years, I shall be surprised if most of us do not see the 
1950 Derby in out homes. 



CHAPTER XVni 


The Short Waves 

U LTRAVIOLET radiation is the name given to the rays of 
wavelengths from about joo to 3,900 A.U. These numbers 
are chosen because radiation of greater wavelength than about 
3,900 A. U. is visible to the eye and is called “light,” while 
radiation of 500 A.U. and shorter behaves like X-rays. Actually, 
ultraviolet light and X-rays overlap. The same- rays can be 
obtained by spark and arc spectra and from X-ray tubes. The 
ultraviolet rays of very short wavelength are difficult to in- 
vestigate, for ffiey are stopped by ordinary transparent substances 
so that prism-spectrographs cannot be used. Gratings can hardly 
be ruled fine enough, while the crystals (p. ji8) used to difiract 
X-rays are too fine. Ultraviolet light of wavelength longer than 
1,850 A.U. can be refracted by lenses or prisms of fluorite or rock- 
crystal. The rays of wavelengths 2,000 — 3,900 A.U. are, there- 
fore, best studied and most used, and are what we ordinarily call 
ultraviolet rays. 

Ultraviolet rays ate usually produced at the same time as 
light. Thus, a white-hot body gives both kinds of radiation, 
l^e sun sends out great quantities of ultraviolet radiation but 
since it is more easily scattered even than blue light, the earth 
receives little or none when the air is hazy. However, a certain 
amount of light of wavelength down to about 3,000 A.U. gets 
through. An arc lamp is a rich source of these short radiations, 
particularly an arc between poles of iron. Most artificial sources 
of light are seen through glass which only lets through the waves 
longer than 3,400 A.U. An ordmary glass filament lamp or 
discharge tu^ therefore, gives very little ultraviolet light. 

m >7 



514 Ti* "World of Scime 

Moreover, daylight received through glass windows contains 
very little ultraviolet. The new “Vita” glass will transmit rays 
down to 5,000 A.U., and so passes almost all the shortwave light 
which reaches us through the air. 

In practice, we require ultraviolet light free from ordinary 
light. The best way of producing it is to use a mercury vapour 
lamp (p. 448) made of silica — fused rock crystal — instead of glass. 
The brilliant Ught produced is of many wavelengths, but if it 
is allowed to pass through a sheet of dark glass coloured by nickel 
oxide, the light is excluded while much of the ultraviolet rajrs 
pass on. 

Ultraviolet light affects the photographic plate much more 
rapidly than ordinary light and generally has more effect on 
chemical compounds. 

One of the most interesting things about ultraviolet radiadon 
is its effect on living things. It is very destructive to the human 
eye. Snow-blindness is an irritation of the eye resulting from the 
ultraviolet waves of sunlight reflected from snow. Most things 
absorb ultraviolet light completely and so cannot reflect it. 

The carbon arc and still more the iron arc arc very dangerous 
to the eye. In electric arc welding deep blue shields are always 
employed. Ultraviolet light causes the skin to become pigmented 
and it is the ultraviolet light in sunlight that causes the skin to be- 
come brown. The story of the way vitamin D is made by ultra- 
violet light shining on plant and animal foods is a remarkable 
one, and is told in Chapter XXXVIII. It is vet)' generally believed 
that good health and resistance to infection results from exposure 
to this light. The artificial sun-lamps now widely used enable us 
to become brown in winter. 

Ultraviolet light is very destructive to bacteria and low forms 
of life which have no opaque skin to protect them. Water can be 
sterilised without affecting its flavour by running it through a 
tube containing a quartz mercury arc. A certain amount of 
trouble is caused however by films forming on the tube and 
obstructing the light. The most interesting feature of ultraviolet 
light is the way it causes flmrtsetm. When shortwave light 
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shines on certain materials, they give out light of a longer wave- 
length. The shortwave light supplies energy to the molecules 
which they give out again as long-wave radiation. Some things 
fluoresce in ordinary light. Fluorescence is very well seen with a 
weak solution of red ink (eosin). If a tumbler of this is held up to 
the light, the unchanged light conung through is pale pinldsh- 
yellow. The solution, however, ffves out light in all directions, 
and seen from the side, it appears bright green. Ammoniated 
quinine gives the same effect. Looked through, it is colourless, 
but seen sideways, a pale luminous blue. Now, ultraviolet light 
makes many things fluorescent and this looks very striking, 
because the ultraviolet light is invisible, while the light given out 
by the fluorescent substance is usually blue-green but may be red 
or violet. In the Natural History Museum at South Kensington 
there is a remarkable exhibit: a case of minerals -with an ultra- 
violet lamp above. When this is switched on, the case remains 
dark while the minerals fluoresce and glow with varied coloured 
lights. This is not only a scientific curiosity, for many things 
which look exactly alike to the eye can at once be distinguished 
because they fluoresce differently in ultraviolet light. Mixtures 
of other flours with wheat, margarine in butter, chicory in coflee 
can be readily detected. In medicine, ring-worm is easily discovered, 
for the fungus that causes it fluoresces with a brilliant green lighti 

A most remarkable use is in detecting forgeries. Writing 
which has been erased, usually leaves traces behind. Plate XXIV 
shows a bearer cheque from which the amount has been skilfully 
erased, and another inserted. The photograph in ordinary light 
shows nothing, but in that taken by ultraviolet rays, the altera- 
tions are easily visible. 

Writing which has been erased from ancient manuscripts may 
often be read by ultraviolet light. A remarkable use of it is in the 
detection of stains of blood and of other animal fluids. The 
photographs of Plate XXV speak for the new weapon in the 
hands of the police. 

The use of fluorescent glass in the green “neon-tubes” is 
mentioned on p. 447. 



5i6 


The World of Scime 



Fig. 334. — A modem X-ray tube. 
The outer casing is of metal and is 
connected to earth, so avoiding 
danger from the high-tension cur- 
rent, The X-ray tube proper is the 
innermast tube. It is of chrome- 
iron, and in it the cathode C and 
the anode and anticathodc A are 
fixed. The rays generated at the 
slanting face of A pass out as a 
beam through the wmdow W, The 
balls B, B, by their rounded surface 
avoid brush discharges, the upper 
one takes up and radiates away the 
considerable heat generated in A. 

whole outer tube' is made 


X-RAYS 

The rays of wavelength 500 
A.U. and less are easily obtainable 
and are called X-rays, They are 
produced, when anything, usually 
a piece of some hard infusible 
metal is bombarded with elec- 
trons. The violent blows of the 
flying electrons drive the elec- 
trons of the atoms of the metal 
out of the “places” near the 
nucleus. When the electrons 
from the outer places fill up 
these vacant spaces, they make a 
jump to a position of much lower 
potential energy: consequently, a 
great.deal of energy is given out 
in the quantum of radiation 
emitted. Now, a big quantum 
means a high frequency and short 
wavelength. To get very short 
X-rays we bombard metals whose- 
electrons are very difficult to dis- 
lodge and whose places will be 
filled with the greatest emission 
of energy. Such metals are tung- 
sten or molybdenum. 

Since in generating X-rays very 
high tensions are used, there is 
danger from shocks. A typical 
modem X-ray tube, as shown in 
Fig. 534, is, however, completely 
shock-proof and ray-proof. The 
metal which is connected to 


earth, eflectually preventing the possibility of its earthing itself 
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through the user. A high tcnsioa current of electrons then enters 
and passes to the heavy metal cathode C. The anode has a very 
large globe of metal attached to It, so that the heat produced 
Is radiated away. Tubes to give very powerful discharges 
have a water-cooled anode. The tube is highly evacuated and 
the electrons have to leap the gap to the anode A and bom- 
bard the slanting face of it. Its atoms give out the rays 
which pass through the window W, which is of glass, to the 
exterior. 

X-rays have four great uses. First, they penetrate materials 
with light atoms and are stopped by materials with heavy atoms. 
Thus they penetrate flesh easily, but bone less easily. X-ray 
photographs are shadow pictures, not images focussed by a lens. 
They are taken by placing a photographic film (wrapped in black 
paper to keep ordinary light out) on one side of the patient and 
directing X-rays on his other .nde. The X-ray picture is an 
invaluable aid in the treatment of any injury to a bone or joint. 
Soft parts are more difficult to X-ray. The intestinal tract is fairly 
easy, for if the patient eats a great deal of the harmless barium 
sulphate, this coats his stomach and intestines, and, as it stops 
X-rays, a good shadow-picture can be taken. Lipiodol is a harm- 
less oil containing the heavy element iodine. By letting a little of 
this trickle into the lung and the air cavities, we can get a picture 
of these. Plate XXVI shows the elaborate “tree” of air passages 
in the lung outlined with lipiodol. The ribs and collarbones are 
clearly seen. 

The second use of X-rays is a similar one. The shortest-waved 
X-rays easily penetrate steel, and it is possible to spot a hidden 
crack in a weld or casting by an X-ray photograph (Plate XXV). 

The cancer-cell is destroyed by X-rays of the right v avelength. 
Sometimes, the whole of a small growth can be destroyed by 
X-rays: sometimes portions remain and start a new growth, but 
in almost every case, there is at least a great temporary improve- 
ment. Curiously enough, while X-rays are used for the treat- 
ment of cancer, they may also cause it. A short esqjosure is 
perfectly harmless: but many of the early workers with X-rays, 
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who did not know the danger, contracted a very slow but 
intractable skin disease, which made them martyrs to the science 
of radiology which has saved the lives of thousands of others. 
To-day, X-ray tubes are heavily screened with lead so that no 
rays can go elsewhere than where they are needed. The old 
X-ray tube diffused a wide beam of rays which were apt to stray. 
The modern type sends a directed pencil of rays where they are 
needed. 

Finally, X-rays have done an enormous amount towards 
making us understand what solids are. In the earlier chapters of 
this book, I said much about the way in which the atoms and 
molecules of solids are arranged. Almost all this information was 
found out by use of X-rays. 

To understand this, turn back and read the sections about 
interference of light and about diffraction gratings. When a 
beam of light of a single wavelength shines on a soap film, the 
film appears dark and light in patches owing to interference. 
This occurs because a soap film is about as thick as a light-wave is 
long. Now a crystal is built of layers of atoms and these are 
about as far apart as the wavelength of X-rays. Accordingly, the 
layers of atoms in a crystal cause interference in X-rays. X-rays 
have various wavelengths , but if we use a potential of about 
50,000 volts and a molybdenum target (A in Fig. 334), the 
X-rays are nearly all of the same wavelen^. This wavelength 
was found (by an interference method) to be 0.71 a A.U. or 
.00000000712 cm. Suppose we shine this molybdenum radiation 
on a crystal, which consists of layers of atoms regularly spaced. 
Then, if the X-rays strike the crystal at one or two particular 
angles, all the waves reflected from these layers will have their 
crests together and troughs together while at other angles 
the troughs and crests will not coincide and the light will inter- 
fere. The result is that a crystal reflects X-rays very strongly 
at certain angles and very feebly at others. 

If you look at Fig. 335 you can see that if you knew at which 
angles X-rays were reflected from crystals, you could tell where 
the layers lay, for, like light and all radiation, X-rays are reflected 
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back at the same angle at which they come off. 

Thus, if a lamp is at A, a hidden mirror at B and 
the spot of light at C, you know the mirror must 
be in the position p not q or r. 

Secondly, we can tell how far apart the 
layers are if the wavelength of the X-rays is 
known; on the principle that if all the layers are 
to reflect a beam so that all the crests of the 
reflected rays reinforce each other, these layers 
must be an exaa whole number of wave-lengths 
apart, measured along the track of the beam, pj^, 33^— How 
Fig. 336 shows that only for certain values of * 1 “ *"sl* of **• 

the angle (A) at which the X-rays strike the the ^ition^ 

crystal will a powerful reflection take place: it is the reflector, 
not difficult to see that knowing the wavelength • 
and the angles at which the powerful reflections appear the 
distances between the layers of atoms can be worked out. 




AT IHCi angle ThC RCFlECTtO OANS CANCEL OUT, CRESTS 
FAIl-NC ON TROUGHS AlvgD WE VERSA THERE WILL M 
little or no RtfL*CTK^I 

Fig. 336. — Showing that a crystal, consisting of layers 
of atoms, will reflect X-rays at certain angles^ but 
not at others. 
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Fig. 557.— Diagram of X-ray spectrometer for study 
of reflection of X ravs from crystals. (Courtesy of 
Messrs. Geo. Bell & Sons, Ltd., and Professor 
Bragg, from The Cryjfaiitm State,) 


Fig, 337 shows a simple type of X-iay spectrometer. The 
X-ray tu^ supphes the rays and these fall on a crystal Cy The 
rays reflected from this are of a single wavelength only. C, is the 
crystal under study, mounted on a revolving table with a pointer 
to show the angle it makes with the beam. D is a slit and E an 
“ionisation chamber” which conducts electricity if X-rays pass 
into it. If we move the crystal and chamber till a powerful 
reflectinp goes into the chamber, it is easy to measure the angle 
at which the reflection comes. 

Now we find as we move the crystal, quite a number of layers 
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of atooos which can reflect the X-rays, and by figuring out where 
die layers would come for a particular arrangement of atoms, we 
can work out which of the many, but not unlimited arrangements 
is found in the crystal being examined. Fig. 338 gives a notion of 
some of the layers of atoms in a rocksalt crystal. It is easy to see 





Fxg. 338. — Showing some of the iayets in the sait crystal from 
which X-mys can be reflected. Dots reptescnr sc^um and 
chlorine ions: ABCD, £FG» IJGH, arc some of the possible 
reflecting planes of atoms. 

that when we know from the angles of the X-ray reflections where 
the layers lie and how far they are apart, we can easily settle 
where the actual atoms must be in order to form such layers. 

There are other methods of using X-rays to discover crystal 
structure. We saw on p. 471 why a fine-rided “grating” bends 
light at certain fixed angles which depend on the wavelength and 
the fineness of the grating. Now a crystal, with its regular lines 
of atoms, acts like a complicated grating ruled in several directions 
at once. 

Accordingly, since the “rulings” (the distances between the 
lines of atoms) are about as small as the wavelength of X-rays, a 
crystal splits a beam of X-rays into several beams which when 

17 * 
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allowed to fall on a photographic plate, give a pattern of spots. 
The mathemaddan, from the pattern, can deduce the kind of 
grating which would give it. Plate XXVI shows a “Laue” photo* 
graph of a hexagonal (six-sided) crystaL The spots can be seen to 
have a sort of six-fold symmetry. The reflection method perfected 
by the Braggs is generally preferred because the pattern of atoms 
in the crystal cannot by any means always be calculated from the 
pattern of spots. 

X-ray analysis is becoming very important because it is the 
only certain way of finding out how the atoms and molecules of a 
solid are arranged. 


RADIOACTIVITY 

Shorter still than the X-rays are the gamma-rays emitted by 
radium and the other radioactive elements. More will be said 
about these remarkable substances in Qiapter XIX; for the 
present, a brief sketch of their very odd behaviour will be 
enough. There are some 40 radioactive elements: many of these 
are however identical in all respects except their radio-active 
behaviour and the weight of their atoms. Thorium, which is 
contained in gas-mantles, is radioactive, but so feebly that it was 
known for 70 years before anything odd was noticed. Radium is 
the best example. It is very rare — rich ores do not contain more 
than some 50 milligrammes per ton — ^it is difficult to extract and it 
is in great demand for treatment of cancer. Consequently, its 
price is very high indeed — fio per milligramme (nearly 
^3,000,000 an ounce) is asked. B^dium is a metal, but it is used in 
the form of its compound with chlorine or bromine. This radium 
bromide is what is sold as “radium.” When pure, it Ipoks very 
much like ordinary salt, but several very odd things are noticeable 
about it. It shines in the dark; it is always a little warmer than any- 
thing round it. It rapidly fogs a photographic plate even though 
the plate is wrapped in lead sheet thick enough to keep out X-rays 
— let alone light. Fluorescent substances shine brilliantly when 
brought near it. It ionises the air near it and makes it conduct 



The Short Wtans 


5*3 

electricity slightly. It turns glass dark-coloured and alters many 
chemicals merely by contact with them. It burns the skin very 
severely if left close to it for long. 

Most of these phenomena could be explained if radium were 
giving out a very potent kind of X-rays all the time, and this is 
actually true — though it is by no means the whole fascinating 
story, which was worked out in the early years of the century by 
the Curies, Rutherford, Soddy and many others. 

Every atom has a minute heavy positively charged nucleus with 
a cloud of electrons round it. Radium is no exception to this rule, 
but its atoms have unstable nuclei. The nucleus of the radium 
atom is a heavy and complicated affair with some 226 protons, 
and neutrons packed into an extremely minute space. We 
know practically nothing about the interior of the nucleus; 
we do not know if the particles are still or moving, and we can 
only make guesses as to how they are arranged. But sooner or 
later, the life of every radium atom ends by its nucleus exploding. 
If you could point to a particular radium atom and say “When 
will it explode”? we could not say, any mote than I could point to 
a particular baby in a crfiche and say when it will die. But, just as 
I could say with confidence that, barring changes in the national 
health, half those babies will be dead in ;7 years time, so I could 
point to a gram of radium and say, “Half those atoms will have 
exploded in 1600 years time.” A radium atom, on the average 
lasts 1600 years. No one knows why its nucleus may last 1600 
years and then suddenly explode. One could picture the protons, 
etc., in the nucleus jostling about until they got to a position with 
so much kinetic energy that the nucleus flew to bits like a bursting 
fl)’whecl. But considering the vast speeds and minute distances 
of the parts of an atom, it is difficult to picture a condition of 
affairs so improbable that the nucleus should reach it only once 
in a thousand years or sol A uranium nucleus may last 
8,000,000,000 years, and presents an even worse problem. 

Anyway, the thing that happens to radium is that the nucleus 
of each atom explodes after a sufficient time and that in 1600 
years half the nuclei in existence now will have burst. 
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A gtam of tadium chloride, say, a saltspoonfiil, contains about 
24 X lo** radium atoms and so 12 X 10*** will burst in 1600 
years. Fifteen hundred years is 3 X 10 ^ seconds, so that 
12 X 10*® -r 5 X 10“ that is 24,000,000,000 tadium nuclei 
burst every second in that dwindling gram of radium. This is the 
average speed; at the beginning when nearly all the radium is still 
there some 52,000,000,000 nuclei burst every second. 

What happens when the radium 
nucleus bursts? The radium atom 
shoots out the nucleus of a 
helium atom (which we call an 
alpha-particle) at the enormous 
speed of 10,000 miles a second, 
and at the same time emits a 
great deal of energy in the form 
of a quantum of very short 
electromagnetic rays. These we 
call gamma-rays. 

The remainder of the tadium 
nucleus gathers all its electrons 
but two about it and makes an 
atom of radon, an entirely new 
element — actually a gas. 

„ _ , ^ This, in turn, changes to 

tadium atom burets. another element, and by a senes 

of 9 changes the element radium 
fbaally becomes the homely and permanent substance — lead. 

This habit of bursting explains the odd behaviour of radium. 
It is always warm because the recoil of the atoms of radon it 
produces jostles the une:q)loded atoms into quicker motion. 
The rays it gives out are of two kinds — the so-called alpha-rays 
which are a stream of high-speed helium-nuclei and not rays at 
all, and the gamma-rays which are true radiation. It shines in the 
dark because it fluoresces tmder the action of its own radiation. 
Botii alpha-rays and y-rays affect a photographic plate. 

Most radioactive elements — ^including radium — give out beta- 
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rays, which ate a stteam of electrons travelling at enormous 
speeds— up to 99.8% of the speed of light. These behave mudi 
like the cathode-rays mentioned on pp. Z95-Z94. The source of 
these electrons is not certain. They are in some cases knocked out 
of the atom by the alpha-particle: in other cases they seem to come 
from the nucleus itself. 

The chief uses of radium are, first, in medical work and secondly 
in liuninous watches. For medical work, the y-radiation is 
useful, for it has a remarkable effect in killing cancer cells. If 
radium can be got near enough to most kinds of cancer cells, it 
will kill them and will not kill the surrounding cells of the body. 

There are three main difficulties: Firstly, there is not much 
radium in the world, and so powerful beams of y-rays cannot be 
obtained. Secondly, cancer cells often migrate to distant part 
of the body and set up fresh sources of trouble. Ihirdly, there is 
no way of applying radium to a deep-seated growdx — e.g., in the 
stomach or fiver. The usual method of procedure is to s^ up the 
radium in needles and stick these into the growth or to seal up the 
radio-active gas radon in dny glass “seeds” and insert these. 

The use of radium in luminous paint brings us to the question 
of phosphorescence. 

There are three main difficulties: First, there is not much 
less well understood. In the scientific sense a phosphorescent 
thing is one which after being exposed to fight, shines in the dark, 
'fhe best known is the luminous paint made from calcium 
sulphide intimately mixed with about z% of salt and a trace of 
some metal like copper or manganese. This, after being exposed 
to a bright fight shines with a soft violet radiance which dies out 
in the course of some hours. Evidently, it can store fight and 
dole it out again; but how it does it, no one knows. Luminous 
watches are painted with phosphorescent zinc sulphide containing 
a trace of radium. The radium rays make the zinc sulphide 
fluoresce and the watch shines whe^er it has been exposed to 
light or no. 

Fire-flies, glow-worms, many fish, decaying wood, etc., shine 
widi a cold fight, but this is not phosphorescence in the scientific 
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sense but “chemi-luniinescence,” light emitted as the tesult of 
some chemical reaction. An odd phenomenon is tribolumin- 
escence, the production of light when certain crystals are rubbed. 
Rub two lumps of sugar together in a very dark room and you 
will see it. 

Neither X-rays nor y-radiation can be reflected and refracted 
in the same way as light: accordingly, they cannot be used in 
optical instruments like microscopes and telescopes. That they 
are electromagnedc waves like light however, is clear from their 
resemblance to it in almost every other particular. 

The reason they are not reflected at smooth surfaces as light is, 
is first that every surface is made of atoms, and therefore even 
the smoothest polished metal has irregularities much larger than 
a wavelength of X-rays. It has recendy, however, been found 
that X-rays can be refleaed in the same way as light by a metal 
surface at a grazing angle to the beam. Secondly, the X-rays and 
y-rays penetrate deeply into all kinds of matter and ate absorbed 
within it. They cannot be refracted by a lens because the atoms 
of the glass diflract the rays as a grating diffracts light. 

There is no very certain means of measuring the wavelength 
of the shortest y-rays. A fair idea can be gained from the thick- 
ness of matter, say lead, which they will traverse before they lose 
half their strength. Short wave X-rays are more penetrating 
than long-wave X-rays, and y-rays are much more penetrating 
than short X-rays: they ate, therefore, much shorter still and we 
believe them to have wavelengths from o.i to 0.005 A.U. 
A few years ago it was found that extraordinarily penetrating 
rays were travelling to the earth from the upper air. They 
manifest themselves by ionising gases — knocUng off their 
electrons, but this property was the only reason to believe them 
to be electromagnetic waves. Their very great penetrating 
power made it appear that tiieir wavelength was as little as 
0.00008 A.U. However, the present belief is that these cosmic 
rays from outer space are positive electrons, about which at 
present we know very little. 

We have now been up and down the scale of electromagnetic 
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radiation. Radio-frequencies, the shorter Hertzian waves, 
residual rays, infra-red radiation, light, ultraviolet radiation. 
X-rays, and gamma rays. 

What have all these in common? They all travel with the same 
speed as light — as far as has been tested. They all move in 
straight lines except when reflected or refracted; they can all 
curl roimd something smaller than their wavelength. They 
require no material medium (like air) through which to travel. 
They all produce electrical effects, either setting electrons in 
motion as do w'ireless waves or knocking them out of metals 
like light or out of gas molecules like short-wave radiations. 

There are several instances where a thing behaves both as 
a collection of waves and as a particle. A quantum of light 
?s clearly made of waves — otherwise it could not show inter- 
ference, diffraction, and so on. But it behaves like a particle in 
being emitted as a unit and in keeping to itself and not spreading 
out like a sound wave. 

An electron is, on the other hand, recognisably a particle. 
It has appreciable mass. Its velocity varies and is not the same as 
that of light. It is deflected by an electrostatic field or by a 
magnet. Yet it can produce interference effects and thus behaves 
like a wave or a collection of waves. 



PART IV 


CHEMISTRY 


CHAPTER XIX 
Particles, Atoms and Elements 

THE ULTIMATE PARTICLES 

B efore surveying the science of Chemistry —the study of 
the way in which atoms arc put together into molecules — 
It is well to try to build up a clear idea of what we know about 
the constitution of an atom. 

We have evidence that every atom is built up of far smaller 
particles than itself: thus every atom contains the minute and very 
light BketronSy for these can be obtained from it when it is ionised 
(pp. 285,293). Secondly, we know that a hydrogen atom divested 
of an electron consists of a single, minute, positively charged 
particle, nearly 2,000 times heavier than an electron: this we have 
called a proton. 

In addition to these two other kinds of particle have recently 
been elicited from matter. When the metal beryllium or its 
compounds is bombarded by the a-pardcles from radium, it is 
found to emit particles which have almost the same mass as a 
proton but which have no electric charge at all. These are 
called neutrons. Finally in the penetrating **cosmic” rays which 
reach us from outer space are found positively-charged 
particles with only the same weight as an electron. These are 
called positrons', they are also produced when artificial radio- 
elements emit their radiations and when very shortwave X-rays 
act on matter. 

These four kinds of particle are the only materials from which 
atoms could be built up. The hypothesis has been put forward 
plausibly enough that there exists a fifth type of particle, a 
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‘'neutrino,” 'nrhich has no charge and a mass comparable vnth 
that of an electron, but there is no direct eiqperimental evidence for 
It. Summarising all this, we can say that the following four 
ultimate particles have been expermentally demonstrated: 



Mass^ 

Electrical charge* 

Protons 

1.008 

+1 

Neutrons 

1.008 

0 

Electrons 

0.00054 

— I 

Positrons 

0.0005 4(?) 


The earlier theories, built up 

when only protons and electrons 

were known. 

gave the atom 

an outer cloud of electrons — 


certainly correct — and an inner minute nucleus made up of 
protons and electrons. Now there are very grave difficulties in 
believing that anything as small as the nucleus could contain such 
light particles as electrons. The common-sense man naturally 
feels that the lighter the particles the smaller they should be, but 
this is not true for electrical charges, the mass of which increases 
the more closely die charge is concentrated into a htde space. 

Now we believed (before neutrons were known) that because 
the nucleus of a sodium atom has a mass of 23.00 units and a 
charge of -f- 1 1 units, therefore we can only suppose it to be built of;- 

23 protons Mass 23 Charge -I-23 

12 electrons Mass mgfigtble Charge ~ii 

Mass 23 Charge -f 1 1 

We can now believe that the sodium nucleus is made of 

1 1 Protons Mass 1 1 Charge -}- 1 1 

12 Neutrons Mass 12 Charge o 

Mass 23 Charge +11 

The same arguments apply to all atoms except that of hydrogen. 

So if we say that atoms ate made of protons and neutrons only, 
we can account for the minuteness of the nucleus and be none the 
worse. 

1 The unit is of the weight of aa oxygen atom. 

* The unit is the change on one election. 
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But here is a trouble. We can get neutrons from the nuclei of 
certain atoms by bombarding them with a-particles, etc.: we 
can get electrons (j8-rays, p. yaj) from the nuclei of others. Are 
there, then, protons, neutrons and electrons in the nucleus? Not 
necessarily: it is thought that the nucleus contains only neutrons 
and protons, but that occasionally the transformation 

Neutron ► Proton Electron 

Mass I Mass i Mass c. o 

Charge o Charge + 1 Charge — i 

may occur so causing an electron to be expelled from the nucleus, 
the proton remaining behind. 

TTie positron probably plays no part in the atom. It is very 
short-lived, probably combining with an electron and emitting 
a quantum of very short-wave radiation and possibly also a 
neutrino. 

Photographs of the trails of the electron, positron and proton 
appear in Plate XXVII. 


ATOMS 

The atom itself we have already discussed fairly fully: our 
main conclusions were that: 

(i) It is very small and light, a million million atoms make too 
small a lump to see. 

(a) It is entirely made of very light negatively charged electrons, 
comparatively heavy neutrons without electrical charge and 
comparatively heavy protons with a positive charge.- 
(}) There are as many electrons as protons, so the whole thing 
is electrically neutral. 

(4) The protons and neutrons are all in the nucleus at the 
centre of the atom. The nucleus is dny even compared 
with the atom; it has a positive charge and almost all the 
weight of the atom is centred in it. 
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(;) The electrons are 
arranged in “groups” 
outside the nucleus 
(pp, 4} j-436). When an 
electron jumps from 
one group to another, 
it takes in or gives out 
a quantum of radia- 
tion — light or X-rays. 
The electrons may be 
revolving in orbits but 
there is no certain evi- 
dence of this. 

Qiemistry is chiefly con- 
cerned with the way the 
atoms of elements join up 
in twos, threes or dozens to 
form “molecules” of com- 
pounds: the outside electrons 
of the atoms are the things 
iliat bind the atoms together. 
“Molecule,” it will be re- 
membered, is the term 
applied to a collection of 
two or more atoms firmly 
bound together by electrical 
forces. 

We realise then that 
physicists have good reason 
to believe that all the matter 
in the universe is made up 
of atoms, and that these 



X-ray tube, etc. 

G. A group of ten electrons from which 
one can quite easily be detached. This is 
one of the two electrons which copper 
can lose when it forms a compound with 
another element. 

H. Incomplete group of i electron. This is 
easily detached by strong heat, chemical 
reactions, etc. This electron is very 
loosely attached: it can come off and 
travel from atom to atom. This is why 
copper conducts electricity well. 

l.J. etc. Possible positions to which electrons 
can jump wnen the atom is heated 
strongly. 

The atom is not, of course, flat like this 
picture. The dectrons are grouped in 
shells like the coats of an onion. 


atoms are composed only of three things, electrons, protons 
and neutrons. About these particles, litde is known beyond their 
weights, their sizes, their electric charges, and the peculiar 
manner in which they seem to be both particles and waves. 
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The view of mattet as made of electrons, protons and neutrons 
is rather remote from everyday afiEurs, because nutter contains 
these very firmly bound together into atoms which are themselves 
usually united into molecules. If you want to find out about the 
difference between say, “lime” and “chalk,” it is not helpful to 
know that both these materials are made of protons, neutrons and 
electrons. But, if you know that lime is entirely made of mole- 
cules, each of which contains one calcium atom and one oxygen 
atom; and that chalk is made of molecules each of which contains 
one calcium atom, one carbon atom and three oxygen atoms, 
it is possible to tell first what substances can be obtained from 
chalk and lime respectively, and secondly what must be done in 
order to turn lime into chalk and vice-versa. 

Chemistry concerns itself, first, widi finding out the pro- 
portional number and kind of atoms in all the different materials 
of which the world is made, secondly, with finding out how to 
turn one kind of molecule into another kind. The chemist’s 
task is made simpler by the fact that there are only ninety-two 
different possible patterns of atom. Everything tiut the chemist 
has tested can be broken up into atoms and only ninety different 
kinds have been found. Now, a nutcrial with only one kind of 
atom in it is called a Chemical Element, and since it is almost 
impossible^ to turn one kind of atom into another kind, it is 
impossible to get anything out of a chemical element but itself. 
Take an example. Copper is an element. It is simply a mass of 
closely packed copper atoms. Take a pound of copper, heat it to 
a white heat, pass huge electric currents through it, do anything 
you like to it, you can’t get anything out of it but one poxmd of 
copper. Suppose you make it red hot in ordinary air; it changes 
to a sort of black “scale” or rust. Even this has got nothing new 
out of the copper: all that has happened is that the oxygen in the 
air has combined with it and made copper oxide. If you heat this 
“scale” in hydrogen, you get all the copper back again. Fig. 341 
shows what happens to tibe copper when heated in the air. 

Actually not only the top layer of atoms but a million or so of 

1 Butseepp. 544. 5 J». 
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Fig. 541. — ^What happetis to copper when heated m air. 

Copper atoms (marked Cu) and Layer of copper oxide molecales on 

oxygen molecules (shaded). the surfitce of the copper. 


the imder-layers combine with the oxygen: a penny is at least ten 
million atoms thick. 


Water, on the other hand, 
is not a chemical element 
because you can get something 
else than water out of it. If 
you pass an electric current 
through water, it gives the 
gases hydrogen and oxygen. 

Well, then, the chemist finds 


^ . e® cp 



Fig. 542. — Water molecules (left) can be 
cban(;ed to hydroger and oxygen mole- 
cules (right). Small sphere— hydrogen 
atom, large sphere = oxygen atom. 


he can extract from the things 

in the world only ninety different materials which cannot be broken 
up into anything simpler. Some of these are common; some rare: 
and just to clear our ideas up as to what sort of things these 
fundamental elements are, a list of them is given below. 


ELEMENTS 

Every single thing in the world, yourself included, can be 
broken up into some few of the elements in the list which follows 
and, given a fine enough technique, could be made from them. 
These 90 elements are not entirely unlike each other: they fall into 
groups of five or six elements which resemble each other, often 
very closely. 
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HYDROGEN 


Group o. 

HELIUM 

NEON 

ARGON 

KRYPTON 

XENON 


Group I A, 

LITHIUM 

SODIUM 

POTASSIUM 

RUBIDIUM 

CAESIUM 


Group II A, 

BERYLLIUM 

MAGNESIUM 

CALCIUM 

STRONTIUM 

BARIUM 

RADIUM 
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This element does not £U 1 into any 
group. The very light inflammable gas 
used to fill balloons and airships. Half of 
ordinary coal gas is hydrogen. Every 
animal or plant must contain hydrogen 
compounds. Water is one-ninth hydrogen. 

These five elements are all gases and they 
are remarkable because they are the only 
elements whose atoms will join up neither 
with themselves nor with any other kind 
of atom. Helium is a very light gas and 
won’t bum, so is useful for air-ships. 
Neon is used in lamps (p. 447). Argon is 
used to fill electric bulbs and krypton and 
xenon are so rare as to be tiselessl 

These elements are metals but are very 
soft and easily melted. Their atoms show 
a most violent tendency to join up with 
any atom except the atoms of another 
metal. The result is, they burn in air — 
combine with oxygen. They will even 
turn the hydrogen out of water and take 
the oxygen. 

The elements themselves are not of 
much use, but the compounds of sodium 
and of potassium with other elements are 
very important indeed, including salt, 
soda, saltpetre, etc. 

Another lot of metals which are not 
important except when joined up to other 
elements. They all burn very easily: 
Most people have seen the brilliant white 
flame of magnesium. Calcium com- 
pounds are very common. Lime, chalk, 
marble, plaster of paris are examples. 
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Group III A. 

BORON 

ALUMINIUM 

GALLIUM 

INDIUM 

THALLIUM 

Group IV B 
CARBON 


SILICON 


GERMANIUM 

TIN 

LEAD 

Group V B 
NITROGEN 


PHOSPHORUS 


J3J 

Botaz and botadc powder contain boron. 
Aluminium everyone knows. Gallium 
and indium are both rarities — ^no one 
has found any use for them. Thallium 
was recently used in medicine but is very 
poisonous and unreliable. 

This element is familiar as diamonds, as 
graphite (pencil-lead), as charcoal, soot, 
coke, etc. It is, with hydrogen, oxygen 
and nitrogen, the element absolutely 
essential for life. Its atoms link with 
themselves and other atoms to form a 
prodigious number of compounds, the 
study of which is called Organic 
Chenustty. It is not a metal. 

Pure silicon is something of a rarity but 
compounds of silicon form a great part of 
almost all rocks. It is the second com- 
monest element. 

A rarity. 

Everyone knows this metal, which is the 
surface coating of “tin cans.” 

Needs no introduction. 

This is a gas which makes up four-fifths 
of the air. Its compounds such as am- 
monia and nitric acid are extremely 
important. Every living thing contains 
combined nitrogen. The gas itself is not 
important except for making these com- 
pounds. 

A peculiar element which exists in two 
forms, red and white — ^both of which are 
all phosphorus. The reddish brown stuff 
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ARSENIC 

ANTIMONY 

BISMUTH 

Group Vi B 
OXYGEN 

SULPHUR 

SELENIUM 
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on the outside of a match-box is partly ced 
phosphoms. All living things contain a 
proportion of phosphorus. Some of its 
compounds ate important artificial 
manures. 

This is a greyish metallic looking stuB. 
The arsenic ufith which people poison 
their relations is a white powder — ^a 
compound of this and oxygen. The 
chemist calls it arsenious oxide. 

A grey, rather brittle metal. It is used for 
ornamental objects and, mixed with copper 
and tin, for typemetal. 

A pinky-white metal of not much im- 
portance. Some of its compounds ate 
used as medicine. 

I 

Oxygen makes up one-fifth of the air. 
Without free oxygen no animal or plant — 
except a few bacteria — could live and no 
fire could burn. ,ks atoms combine with 
others very easily. Eight-ninths of water 
is oxygen, as is more than half of most 
rocks. It is the commonest clement in 
the world. 

Everyone has seen sulphur as yellow 
sticks or powder. It can be made into 
beautiful amber-coloured crystals, and 
also into a soft transparent elastic mass 
like rubber. Its compounds are important 
— sulphuric acid, plaster of pads, iron 
pyrites — to name but a few. All living 
tl^gs contain a little sulphur. 

This looks rather like black sealing-wax. 
Its interest is its sensitiveness to light: 
in a bright light it conducts electricity; 
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TELLURIUM 

POLONIUM 


Group Vn B. 
FLUORINE 


CHLORINE 


BROMINE 

IODINE 


Group III A 
SCANDIUM 
YTTRIUM 
LANTHANUM 
Fourteen ‘rare-earth’ 
elements not im- 
portant enough to 
be named here. 
ACTINIUM 


in the dark it does not: it can therefote be 
used like a photoelectric cell (p. 485). 

This is a rarity. 

A radioactive element: no one has yet got 
enough of it to see, riiough its tays can be 
detected and measured. 

A yellow gas: its atoms combine with 
others so easily that it corrodes or ignites 
almost everything it toudies. 

A yellowish green gas with a very strong 
smell. It is very destructive to the lungs. 
It is used for bleaching and various odd 
jobs in the chemical trade. Ordinary salt 
is more than half chlorine. 

A dark-red liquid which ‘gives a brown 
vapour with a powerful smell. It is only 
used in the chemical industries. 

A black shiny solid which when warmed 
gives a beautiful violet vapour with a 
most irritating smell. Dissolved in 
alcohol, it is a good disinfectant. 


All rather rare and unimportant metals. 
The so-called ‘flint* in a petrol-lighter is 
made of an alloy of rare-earth metals. 


Group IV A 

TITANIUM 

ZIRCONIUM 

HAFNIUM 

THORIUM 


Not very uncommon but not very 
important elements. 

The oxide of Thorium is used to make 
gas-mantles. 
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Group V A, 

VANADIUM 

NIOBIUM 

TANTALUM 

PROTOACTINIUM 

Group VJ A. 
CHROMIUM 


MOLYBDENUM 


TUNGSTEN 


URANIUM 


Group VII A. 
MANGANESE 


MASURIUM 

RHENIUM 

Group VIII. 
IRON 


Ratlier rare metals. Tantalum is ex- 
ceedingly hard and if it was less rare, 
might be useful for tools. Vanadium is 
used for alloying with steel. 


Till recently, the metal was a rarity, but 
now is familiar. Everyone knows its blue- 
white lustre. It does not tarnish and 
is so hard that it is not easily scratched. 
Some of its compounds are useful pigments. 
Rather rare. It is difficult to fuse. The bit 
of wire which supports the filament in an 
electric light bulb is often made of 
molybdenum. 

Very hard, very strong and melts only at 
the terrific temperature of 336o°C. It is 
used cliiefly in filament lamps (p. 441) and 
X-ray tube targets. 

The metal is not used for anything, but its 
compounds give a fluorescent yellow- 
green colour to glass. It is the “parent” 
of most of the radio-elements (p. 346). 

The metal is uncommon, but steel always 
contains a little. Potassium permanganate 
contains manganese. 

There is only scanty evidence that it 
exists. No one has yet got enough to see! 
This is a novelty; tather like tungsten, but 
very rate. 

Needs no introduction. Its compounds 
are very common. The higher animals 
cannot exist without it. 



COBALT 

NICKEL 


RUTHENIUM 

RHODIUM 

PALLADIUM 

OSMIUM 

IRIDIUM 

PLATINUM 

Group I B. 

COPPER 


SILVER 

GOLD 


Group II B. 

ZINC 


CADMIUM 

MERCURY 
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Is a metal — ^oot much used. Blue glass 
and china are coloured cobalt. 

Is well known as nickel plating. A 
hardish white metal which does not 
tarnish much. 

All hard grey-white heavy metals. Palla- 
dium is sometimes used for jewellery. 
Platinum and iridium are useful because 
tliey — with gold — ^are the only metals 
which are not tarnished even at a red heat, 
and are not ailectcd by most chenucals. 
They arc both rare and very expensive. 

Is well enough known. It is valued 
because it is tough and an excellent 
conductor of electricity. 

Is valued for its beautiful colour and its 
tradition of worth. 

Was the first metal known. It was valued 
for its beauty and the fact that it is un- 
tarnished and imperishable. This artificial 
worth makes it too expensive for most 
useful purposes. 

Is well known as zinc sheeting and per- 
forated zinc. Galvanised iron is coated 
with zinc. 

Is a rather uncommon metal but is 
occasionally used for plating iron. 

Is the only metal liquid at ordinary 
temperatures. It is chiefly used in 
scientific apparatus. 


To this list one or two “radio-elements” which have a transitory 
existence must be added. 

Each of these elements is made of only one kind of atom and 
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one of the greatest triumphs of the Bohr (and succeeding) 
theories of the atom is, that they explain in a beautifully simple 
way how the elements are related to each other. 

THE DIFFERENT PATTERNS OF ATOM 

From arguments concerned with spectra, etc. (pp. 453 ff), 
we come to the conclusion that a typical atom is like this 



Now, a neutron^ has no electric charge and a whole atom has no 
total charge; so it must contain just as many positive protons as 
negative electrons. So, a typical atom is 



Now, each of the ninety-two elements has a different number of 
outer electrons. The lowest number is possessed by hydrogen 
which has just ont electron, revolving roimd a nucleus consisting 
of one proton and no neutron. The highest is Uranium whi<di has 

^ An altetnative theoiy U that the nucleus contains only protons and electrons 
If throughout t he following pages you put “a proton and an electron,” instead of a 
neutron, you will hare the wder theory, the objections to which have been recounted 
onp. 5x9. 
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in its nucleus ninety-two protons and 146 neutrons, and tdntty- 
two electrons outside. Accordingly, we can make a list of the atoms 
in order of the number of electrons they have. This number is 


called the Atomic Number. The elec- 
trons in an atom, we have seen, ate 
ranged in groups (pp. 435, J3i)> aod 
the number of electrons in eac^ gtoup 
is limited. If, then, we make a list of 
the elements in order of their atomic 
number (number of electrons in their 
atom) and start a new line from each 
element which has all its groups filled 
with electrons and none partly filled, 
we get the chemist’s Periodic Table 
which appears below. This rather 
odd-looking list has several remark- 
able things about it. First, each 
vertical column contains five or six 
elements which are very much alike. 
Thus, column o contains the inert 
gases which can only be distinguished 
from each other by their spectra and 
their density. Secondly, the number 
of the column which contains a par- 
ticular element, is related to the 
number^ of other atoms with which 
one atom of that element will combine. 

Each place in this table corresponds 
to a definite atomic number, i.e., to 
a definite number of electrons in the 
outer part of the atom of the element 
which occupies it. The number of 
positive protons must be definite too 
— ^for the whole atom is neutral — 

1 There ate a few exceptions to this tule in 
groups Vn and VIII. 
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but the number of neutrons may vary. We call an atom 
with 8z outer electrons an atom of the metal lead. An atom of 
lead, then, always has 8z electrons and 8z protons; but there are 
no less than eight isotopes of lead, different Idnds of lead the atoms 
of which have the same number of electrons and protons but 
different numbers of neutrons. The diagram shows 



the two most abundant kinds of lead atom. The first weighs 
208 times as much as a hydrogen atom: the second 206 times as 
much. The outer electrons are identical in arrangement and 
number. Since the behaviour of a material depends almost 
entirely on its outer electrons, these different kinds of lead only 
differ in the weights of their atom and their densities and are called 
isotopes. 

These differences are so small that the chemist does not bother 
about them. For his purposes, these differences occasioned by 
one or two extra neutrons do not exist, and there are ninety-two 
possible patterns of atoms only. 

When discussing spectra (p. 43 5) it appeared that the electrons 
were arranged in groups which were limited in the number of 
electrons they could contain. This number is usually 8. In an 
atom most of the electrons are in groups which already contain as 
many as they are able to hold. The electrons in these 
complete groups are generally firmly held. But in most 
elements, there are a few electrons which are not in a com- 
pleted group, and it is by reassorting these that atoms bind 
themselves together. 

Now the chemist is chiefly concerned with making new sub- 
stances by binding atoms into new molecules and these few outer 
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electrons which do the actual binding are therefore particularly 
important to him. As an example of the arrangement of electrons, 
we may look at the figure of the copper atom (p. 531). We can 
see that there is one electron (group H) which is conspicuously 
a member of an incomplete group, and which is very easily 
detached. Every atom — except an atom of one of the Group o 
gases — has from 1 to 7 electrons which can be easily detached. 
The number at the head of each group in the Periodic Table 
(p. 541) is the number of these loose electrons. So the list tells 
us in a compact way how many loose electrons belong to each 
kind of atom. Now it is by these loose electrons that atoms join 
themselves up into molecules. How is this done? Well, first of all 
one atom may present its loose electron to another. If we heat 
some sodium in chlorine gas it burns vigorously. A sodium atom 
has one loose electron, a chlorine atom has seven. Sodium gives 

One One One 

Sodium Chlorine Sodium 

atom \ atom -► ion ^ 

one outer seven outer no outer 

electron electrons electron 

(one \- charge) 

When packed into a crystal form common 
salt 

up its loose electrons to tlie chlorine atom which now has eight, 
and as we have seen a group of eight electrons is usually a com- 
plete one, very symmetrical and not easily broken up. But the 
sodium atom has given away a negative electron, so it has a 
positive charge: the chlorine has taken up an extra negative 
electron, so it has a negative charge. Consequently, the sodium 
“ion” and the chlorine “ion” attract each other strongly and 
pack themselves into a crystal of salt, with a structure as shown in 
Fig. 16. 

There is another important way of linking by loose electrons: 
namely by sharing them. If an atom, say a carbon atom, has four 
loose electrons and another, say an oxygen atom, has six loose 
electrons; the carbon atom can give each of two oxygen atoms a 
share of two of its electrons and receive a share of two of the 


One 

Cbloride 

ion 

eight outer 
electrons 
(one - charge) 
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oxygen atoms electrons in return. The sharing is nearly always 
done so as to give all the atoms concerned a share of eight 
electrons, the favourite and particularly stable number. If we 
suppose that the shared electrons move round both nuclei 
concerned we could represent this way of combining dius; — 


Oxygen atom Carbon atom Oxygen atom 




Oxygen atom Carbon atom Oxygen atom 

Pig. $44. — Diagiam of carbon dioxide molecule. By the core la 
meant the nucleus and any completed groups of electrons. 

All molecules are held together as a consequence of their atoms 
having given away or shared their outer electrons. 

TRANSMUTATIONS 

If we grasp clearly the idea of the hst of elements on pp. 541 we 
are in a position to understand radioactivity (already mentioned 
on pp. 522), which did perhaps more than anything else to 
stimulate us to learn about the structure of the atom. 

Let us recall again that die posidon of an atom in the list — 
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its number from the beginning — is simply the number of 
electrons outside its nucleus. Each of these electrons has a 
unit negative charge; so, since the whole atom has no charge, 
the nucleus must have as many positive charges as there are 
electrons. 

Now the nucleus of the atom is probably made of protons 
and neutrons only: each proton has a positive unit charge and 
neutrons have no charge. So, the nuclear charge of an atom is the 
number of protons in it. 

Remember now that the number of the element in the Periodic 
table is simply the number of electrons in its atom and that this is 
the same as the number of protons. 

Suppose we foimd out a method by which we could take a 
proton out of the nucleus. The positive charge of the nucleus 
would become one unit less. It would therefore -lose a single 
negative electron from its outer tings and become the next 
lower element in the table. Thus, if you could pull a proton 
out of the mercury atom it would become a gold atoml Actually, 
we cannot do tliis, for all our forces are too feeble. We can 
no more break up the mercury nucleus with ordinary forces 
tl'iMi we can open a salmon tin with a feather. We might be 
able to break up an occasional mercury nucleus by shooting 
alpha-particles or protons at it, but as a method of making 
gold, it would be much less good than trying to kill rabbits 
by dropping bricks on them from an aeroplane in the dark. 
Given enough bricks and enough time, you would hit a rabbit 
occasionally, but it would be very slow work. 

Now tadioaedve elements have atoms of which the nuclei, on 
their own and for no reason that we have yet fathomed, shoot 
out either a packet of two protons and two neutrons (an alpha- 
particle), so decreasing the positive charge of the nucleus by two 
units, or turn one of their neutrons into a proton and an electron 
which is shot out as a beta-particle, thus increasing the positive 
charge on the nucleus by one unit. As explained above, when this 
happens, an atom of a new element must be formed. Thus 
ra^um (No. 88) is always shooting out these alpha-particles and 



j 46 The World of Science 

changing into an inert gas called radium emanation (radon) (No. 

86 ). 

No one could pick on a radium atom and say, “You will lose 
your alpha-particle on Friday week,” no more than you can lay 
your hand on the shoulder of an old gentleman in the tube and 
say, “You will die on the seventh of January, 1946.” But we 
know with great accuracy that half the radium atoms in a gram 
of it will have exploded by the year 3525 and that half the gentle- 
men of sixty-five alive in 1955 will be dead in 1946. 

This half-life period is the best measure of the speed at which 
a radio-element vanishes. Some of these elements are half gone 
in a millionth of a second, others in minutes, months, years or 
millions of years. We obviously cannot directly measure the very 
long or the very short periods, but a rule called the Geiger- 
Nuttall relation has been found to apply to the many cases that 
can be tested and is therefore believed to apply to the others. 
It depends on the fact that the shorter time an element lasts, the 
harder it shoots out its alpha-particles. If we measure the range 
of these — ^the distance they get before the air stops them — ^and 
call this r, then their half period is proportional to r*®’*, a very 
curious relationship indeed. If one radio-element can shoot its 
a-particles through 3 cm. of air and another through 6 cm., 
then the first lasts (6-7-3)®®-* (ibout sixteen thousand billion) times 
as long as the second. 

These radio-elements are slowly disappearing. They have not 
totally disappeared because they are continually being made from 
two elements, uranium and thorium, witli half-life periods of 
about 5,000,000,000 and 13,000,000,000 years respectively. There 
is evidence that the earth is only about two or three thousand 
million years old, so that most of tiie uranium and thorium in 
it must have come from the sun, and we think it likely that they 
were made there. We have very little evidence indeed, but it 
seems possible that hea-^ier nuclei could be built up from lighter 
ones at the huge temperatures and pressures which prevail in the 
interior of the sun. - 

At any rate, in the half-pound of uranium oxide, that you can 
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buy from the chemist for los., about two million atoms break up 
every second. You nodce nothing; for what are two million 
atoms among the six hundred thousand million million million 
in the half-pound? Moreover, the explosions are rather 
feeble. 

If you put a piece of uranium oxide on a photographic plate 
in the dark, you would soon see something was happening, 
however, for in a few days it would print its own image by the 
rays it emitted. 

A powerfully radioactive element like radium is a very different 
matter; its remarkable behaviour has already been described in 
Chapter XVIII. 

There is a regular family tree of radioactive elements, each 
one transmuting itself into the next. This process goes on until 
uranium or thorium ends up as leadi 

The tables which follow show how this happens. 

Each element turns into the one below it. On the left of the 
arrow is the time in which half the element above it is trans- 
formed into the one below it. On the right the signs a,^,ymean 
that alpha-particles, beta-particles or gamma rays are emitted. The 
number on the left of the element is the atomic number, its place 
in the Periodic table (p. 541), that on the right is the weight of its 
atom (the unit being y\jth of the weight of an oxygen atom. 
Different elements may have the same atomic number. 

Take for example element 86. We find three different radio- 
elements, Actinon, Radon and Thoron, all apparently element 86. 
The atoms of these arc isotopes like the lead atoms in Fig. 343, 
that is to say, they have the same pattern of electrons and the 
same charge on the nucleus; but they have different numbers of 
neutrons in the nucleus. These elements are, as a result, precisely 
alike except in their half-life period and to a very minor extent 
in their density. 

Two or more elements, too, may have atoms of the same 
weight, good examples being Radium B and Radium C. In this 
case, however, there is no resemblance at all, for the weight of an 
atom hardly affects its other properties. 
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All the elements numbered: 

Apart from period of change and rays 
emitted are exactly like: 

8z 

Thallium 

82 

Lead 

83 

Bismuth 

*4 

Polonium 

85 

No such element known 

86 

Radon 

87 

No such element known 

88 

Radium 

89 

Actinium 

90 

Thorium 

9^ 

Protoactinium 

9* 

Uranium 


The most important of these radio-elements is radium, the 
separation of which in a pure state has already been described. 
The long period elements are abundant, but only feebly radio- 
active. The very short-period elements, on the other hand, are 
so rate as to be unobtainable in visible quantities, though they 
are intensely active and produce most energetic rays. Radium 
is a useful compromise. It is very active and not too rare to be 
separated. Ionium might be useful, but it is an isotope of thorium 
so exactly like it that it cannot be separated from it. Meso- 
thorium I and Protoactinium have also been separated in a fairly 
pure state, but radium holds the field. Most of the transitory 
radio-elements have never been seen at all. They are recognised 
by their rays only. 

All three series end up as lead, and the lead atoms produced 
are of different atomic weights, according to whether they came 
originally from uranium, thorium or actinium. Consequently, 
we can gauge tlie age of a rock by seeing how much of its uranium 
has been turned to lead; and actually estimate the age of the earth 
(pp. 741, 742). 

Only the heaviest atoms — those with 208 or more protons 
and neutrons in the nucleus — ^break up in this way, with two 
exceptions, namely, the very common element potassium and 
the very rare elements samarium and rubidium. The radio- 
activity of these exceptions is exceedingly feeble and it is not yet 
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possible to be sure that it is quite the same thing as the radio- 
activity of radium. 

We can now cause artificial radioactivity in a great number of 
elements. If we project a stream of neutrons at the element, some 
of the nuclei of its atoms take in one or more of the neutrons. 
The new nucleus is unstable and within a few minutes or hours 
breaks up again, shooting out a-particles or electrons together 
with short-wave gamma rays. This process turns them into a 
new element and is a real transmutation. Actually, only the 
minutest quantities are transformed, but the rays show us what 
is happening. At present it does not offer a practical way of 
making gold, though there is no theoretical reason why the 
metal should not be made in this way, given a large enough supply 
of neutrons. 

Elements can also be transmuted by shooting alpha-particles 
or protons at them. Occasionally a nucleus is struck and the 
atom of that element is transformed into another. Thus if the 
a-particles from a radioelement pass out into an atmosphere of 
nitrogen, occasionally one will hit the nucleus of a nitrogen atom 
and be swallowed up by it, ejecting a proton at the same time. 

The nucleus of a nitrogen atom 

has: 7 Protons + 7 Neutrons 

The a-particle has: 2 Protons H- z Neutrons 

9 Protons H- 9 Neutrons 

The ejected proton re- 
presents a loss of: i Proton 

The final atom has; 8 Protons -j- 9 Neutrons 

In other words its atomic number is 8, and its atomic weight 
17, and it is “heavy oxygen.” We have transmuted nitfogen to 
oxygen. Dozens of different transmutations have been accom- 
plished by such means. But it is important to remember that 
these transmutations are affairs of a few dozen atoms only. We 
can only detect thern because we can photograph the tracks of the 
colliding atoms and particles. This can be done because an 
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electrically charged particle, when it moves rapidly (p. 287) 
ionises the air, i.e., knocks electrons off its atoms. So die track of 
a proton is marked by a line of wrecked atoms. Now if the air is 
super-saturated with moisture, tiny droplets of water will form 
round each ion and the track of the proton will be marked by a 
thin line of cloud, which can be photographed. 

Plate XXVll is a photograph of the transmutation already 
mentioned! The radiating lines are the tracks of a-pardcles from a 
radio-element. One of these hits a nitrogen atom, ejects a proton 
(fine track) while the atom struck and changed into oxygen is 
driven forwards (coarse track), caimons off another atom and 
comes to a stop. 

Plate XXVll shows the tracks of positrons and electrons in a 
magnetic field. The fact that some are deflected to the left and 
some to right shows that we have both positive and negative 
particles. That the former could not be a-pardcles or protons is 
shown by the degree of curvature of the tracks . They are deflected 
to the same extent as the electrons: we conclude that the particles 
have the same speed and mass and size of charge as electrons, 
differing only in that their charge is positive. 



CHAPTER XX 


Compounds 

MOLECULES 

W E have seen that there are ninety-two different kinds of 
atoms, and consequently, ninety-two kinds of stuff which 
we call elements, each of which has only one kind of atom in it. 
Iron, copper, sulphur, hydrogen — these are elements, but what of 
the hundreds of thousands of different kinds of stuff that are not 
elements? The chemist divides them up into ‘‘pure compounds” 
and “mixtures.” Pure compounds, with which the chemist is 
chiefly concerned, contain only one kind of molecule, but two or 
more different kinds of atoms. Thus, water is a collection of 
molecules, each made of one oxygen atom and two hydrogen 
atoms. Absolutely pure water contains nothing but these 
molecules; no pure water has ever been made, but the best may 
have only one foreign molecule among a million water molecules. 
Again, the molecule of rock-crystal (silica) is simply made up of a 
siUcon atom and two oxygen atoms. 

Now, to say that water is a compound of hydrogen and 
oxygen atoms is a very different thing from, saying it is a mixture 
of the gases hydrogen and oxygen. In a mixture of hydrogen and 
oxygen made by simply bubbling the two gases into the same 
vessel (p. 123), there arc loose hydrogen molecules and* oxygen 
molecules bumping about at random. The mixture is obviously a 
gas (since hydrogen and oxygen are both gases): it may contain 
any proportion of hydrogen and oxygen which may happen to 
have been put in: it will behave like oxygen (you could breathe 
it) and like hydrogen (it would be very light): you could get the 
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oxygen out easily, e,g., by cooling the gas to -190® C, when 
oxygen would hquefy and hydrogen would not, and you could get 
the hydrogen out by passing it through a porous tube, which 
hydrogen penetrates four times as quickly as oxygen. The com- 
potmdw^Xex. does not contain oxygen molec^es or hydrogen mole- 
cules and so is not in the least hke hydrogen or oxygen. It con- 
tains oxygen and hydrogen atoms^ but these are bound together so 
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Fig. 445 — ^Diagram of the arrangement of the atoms and mole- 
cules in elements, compounds and mixtures. The diagram 
shows the sixes (X 50,000,000) and arrangement of the 
atoms correctly, but the atom itself must not be thought of a 
round ball With a definite surfacel (p 27). 
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tightly into water molecules that they can only be got apart again 
by rough treatment such as the use of electricity or heating its 
vapour, steam, to a white heat. 

In the case of rock-crystal, which contains silicon and oxygen 
atoms, it is not at all easy to get the gas oxygen from it, though, 
actually, it is rather more than half oxygen! The chemist can do it 
by putting it into hydrofluoric acid — a compound of hydrogen 
and fluorine which turns it into a gas, silicon fluoride, and water. 
He could, by a rather difficult process, separate the water, and by 
an electric current get oxygen from it — some of the oxygen which 
had been originally in the silica. But it would give a good man a 
week’s work to do it. A pure compound, then, is a collection of 
identical molecules, each made of the same number and the same 
kind of atoms arranged in the same way. A mixture is a collection 
of different kinds of molecules. Fig. 345 should give an idea of 
what we mean by a pure compound and by a mixture. 

Since a pure compound contains only one kind of molecule, it 
is easy to recognise one when you have got it. It will melt (or 
freeze) at an exact temperature because all its molecules are alike, 
and will be speeded up enough to escape from the lattice (p. 69) 
at exactly the same temperature. It will boil at a fixed temperature, 
and the temperature will not rise as the liquid boils away. This is 
because the vapour which boils off consists of just the same kind 
of molecule as the liquid left behind; the latter will, therefore, be 
unaltered and will boil at the same temperature. Lastly, when 
once we know how the molecule of a pure compound is made 
up, we can calculate what proportions of the different elements 
the compounds contains. Take the bright scarlet sulphide of 
mercury, the pigment vermilion. The molecule of this contains 
one atom of mercury and one of sulphur. A mercury atom 
weighs 200.6 units,^ and a sulphur atom 32 units. So, a vermilion 
molecule contains 200.6 units of mercury and 32 units of sulphur, 

and weighs altogether 232.6 units. So, exactly ^ 22 :^ of the 

232.6 

* The ‘*ttnit*’ Is one-sixteenth of the weight of an oxygen atom. Gtams ate fat 
too large a unit fot weighing atoms. 
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moleoile is mercury. But the vermilion is entirely made of these 

molecules and so ^ 22 ^ or 86.2% ofit must be mercury. 

232.6 

If the chemist wants to know if a specimen of vermilion he has 
made or purchased is pure, he uses tUs fact. He takes an exactly 


COAL GAS 


Fig. 346. — How the chemist discovers the proportion of mercury in 
vermilion. 



weighed amoimt of the vermiUon and mixes it with pure lime. 
He heats the mixture in a glass tube (Fig. 346) through which a 
gentle stream of coal gas is running. The lime takes the sulphur 
from the vermilion. The mercury turns into vapour which is 
carried over more pure hot lime to remove any remaining 
sulphur, and condenses to liquid mercury in the weighed tube 
(B), which contains some gold leaf, which has an extraordinary 
power of collecting mercury vapour. By weighing this tube (B) 
he finds the weight of mercury in it. If his vermilion is pure the 
mercury from it will be just 86.2% of the weight of vermilion he 
started with. 


PURIFICATION 

The chemist has many ingenious devices for getting pure 
element or compounds out of mixtures. He gets the pure com* 
pound sugar out of sugar-cane juice, pure salt out of sea-water, 
pure sulphur out of the tough ore. The central idea of all these 
tricks for separating pure compounds is to find something the 
pure compound will do that the other things in the mixture will 
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not do — ot vice versa. We cannot do better than look at a few 
examples of his craft both in the laboratory and the factory. 

The two simplest methods to understand ate distillation — ^used 
to separate things of different boiling point — and crystallisation — 
used to separate things which dissolve to a different extent in 
water. First, let us see how the chemist would separate pure alcohol 
from a fermented liquor, first in the laboratory, then in the fiictory. 

The chemist, in his laboratory, ordinarily uses apparatus whidi 
is made of glass. Very few chemicals affect glass, you can see 
through it and be sure it is dean, and once the trick is learnt, it is 
not difficult to soften it in the flame and bend it or blow it into 
almost any shape. 

He joins his various bits of apparatus together by means of 
corks and rubber tubes, both of which stand up to chemicals 
pretty well. Metal apparatus is not much used. For a few 
purposes, platinum is necessary, but a platinum vessel the size of 
a large thimble costs £5 . So most chemists have to do without it. 
Sometimes, silica, pure white sand, is melted into a glass and 
blown into apparatus. This is pretty expensive but, unlike glass, 
stands sudden heating without fear of cracking. 

Suppose then, our chemist wants to separate alcohol from wine, 
which for his purposes may be thought of as water, alcohol and 
a number of solids which won’t evaporate. He will base his 
cfibtts on the fact that alcohol, when heated, boils at 78° C. while 
water boils at 100“ C. You might think that if you heated a 
mixture of alcohol and water, the alcohol would start to boil 
when 78° C. was reached, that it would then aU boil off and that 
the water would be left behind. But, unfortunately, the alcohol 
and water do not boil independently. The mixture begins to boil 
at 85 — 90° C. and both water vapour and alcohol vapour come 
oE StiU, the vapour is richer in alcohol than the original liquid, 
so by boiling the liqiud we start our separation. If we cool this 
vapour, the water molecules turn back to liquid more readily than 
the alcohol molecules — ^as we should expect, since it takes a 
higher temperature to turn water into vapour. So, by cooling the 
vapour, which we get by boiling the liquid, we can condense out 
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a liquid with mote water and less alcohol in it than the vapour, 
leaving this still richer in alcohol. By doing this continuously we 
can make alcohol with only about 1 5 % of water in it. 

To perform this distillation as he calls it, the chemist wants 
something to boil his wine in, something in which to condense 
most of the water out of the vapour, something in which to turn 
the alcohol vapour back to liquid, and something in which to 
catch the alcohol. 



Fig. 347. — Fractional distillation. Laboratory method. 
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He puts the wine in a flask (F), a sort of bottle made of fliin, 
strong glass of very even thickness. He supports this on a stand 
and sits it on a piece of stout wire~gau2e, under which is a Bunsen 
burner (B) — a simple arrangement for burning a mixture of gas and 
air(alreadymentionedundertheheadingof thegas-mantlep. 440). 

In the top of the flask is a cork in which he has bored a hole, 
which is of the right size to grip the fractionating column (Q, a 
tall glass tube of some irregular shape which exposes a big 
surface of cold glass to the vapour. In the top of this is a 
thermometer (the temperature tells the chemist whether alcohol 
vapour, steam or a mixture is coming over). A side tube from the 
column is fastened into a cork which fits into the condenser (L), 
which is simply a glass tube with water running round the outside 
of it to keep it cold, and the end of this projects into another 
flask (R). He lights the Bunsen burner: the wine boils and the 
vapour, a mixmre of water vapour and alcohol, comes off. As it 
goes up the column, water (and some alcohol) condenses and 
runs back: the vapour which gets to the top is mostly alcohol. 
This goes into the condenser, turns back to liquid and drips into 
the receiving flask. The chemist lets this process go on till his 
thermometer shows about 90® C.: he then knows that most of his 
alcohol has come over, and that the vapour coming through is 
mostly steam. The product in the receiving flask (R) still contains 
about 1 5 % or more of water. The chemist tips the residue in the 
boiling flask (F) down the sink, washes it out and puts the alcohol 
he has made back in the flask! He distils the alcohol all over 
again and collects the vapour that comes over while the ther- 
mometer shows 78-81“ C. The liquid whicli collects in R has 
now about 95% of alcohol. Now, some pairs of liquids, for in- 
stance chloroform and benzene, can be completely separated by 
distiUing them, but alcohol and water cannot. So the diemist 
tries a new trick. He drops into his flask of 9; % alcohol some 
lumps of quicklime. Everyone has seen how quicklime, when 
wetted, combines with the water, gets hot and fiills to a dry 
powder — slaked lime. Well, the lime does the same thing to the 
water in the alcohol. After two or three days, the chemist 
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distils the mixture of alcohol and lime. The lime, combined '«dth 
all the water, remams in the flask and 100% pure alcohol passes 
over mto the receiver. 

On the factory scale, the pnnciple is just the same. In the 
diagram below, the column A represents the boilmg flask of 



Fig $48 — Co^ still. The 'weak alcoholic liquot “wash” is pumped to the top of 
the column A The urash nins dotra this, and steam is blown up it The steam 
evaporates the alcohol The murtute of sJcohol vapour and steam passes up the 
tower B. Here most of the steam condenses (mcidenully heating the wash. 
The uncondensed vapour is about 85% alcohol. 

figure 348; here the mixture of alcohol and water (wash) is heated 
by steam. The column B is the fractionating column, the tubes in 
G are the condenser. The fractionating column B is simply a 
succession of shelves with tubes so arranged that the alcohol 
vapour and Steam have to bubble through the water and alcohol 
wkch have already condensed. This is a very effiaent arrange- 
ment indeed, and actually produces 85% alcohol from a fer- 
mented “wash” containing only 5 or 6% of alcohol. 

This distillation method enables a chemist to get almost any 
liquid in a pure state. He has only to distil it repeatedly, rejecting 
everythmg which boils mote than a degree ox two away from the 
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boiling point of the liquid and, if he has enough material, he 
will probably get a pure compound in the end. Of course, there 
are plenty of difficulties; thus, substances whose molecules break 
up near the boiling point — e.g., olive oil — cannot easily be 
purified by distillation, though the trick of lowering the pressure, 
which lowers the boiling point 119), is often successful. From 
very complicated mixtures like lubricating oil with hundreds of 
kinds of not very different molecules, it is hard to separate any 
single kind by itself. But the chemist’s rule is: — topurifyaliquid, 
distil it. Now that liquid air is fairly cheap, gases are often purified 
by cooling them till they liquefy and then distilling them. The 
type of distillation apparatus used is of course very different from 
the one in figure 3 47. 

Many solids do not boil at any reasonable temperature. It 
would be very difficult to distil common salt, which boils at 
1490° C. — a strong white heat. StiU less could one distil saltpetre 
which turns into oxygen and potassium nitrate long before its 
boiling point is reached. 

These things can be purified by crystallisation. The principle 
is quite simple. Suppose you have a mixture of, say, Glauber’s 
salt (sodium sulphate) with about a twentieth of its weight of 
ordinary salt. You can dissolve 20.23 grams of Glauber’s salt and 
no more in 100 cubic centimetres of cold water (xo® C.) and 
a considerable amount of common salt as well. But you can 
dissolve 65 grams of Glauber’s salt and a large amoxmt of common 
salt in the same amount of warm water at 30° C. So take 63 grams 
of your mixture containing 61.73 grams of Glauber’s salt and 3.23 
grams of common salt, and dissolve it in 100 c.cs. of warm water 
at 30® C. or more. Now let it cool to 10® C. The water will still 
dissolve the 3.23 grams of salt but will only dissolve 20.23 grams 
of Glauber’s salt. So, the odd 41.5 grams (61.73-20.23)’ of the 
latter appears as pure crystals without any saltl The chemist 
would probably do the operation as in Fig. 349. He would warm 
up the salt mixture and water in a beaker, a strong thin glass 
tumbler with rounded comers (A). He would leave this to cool 
with a “clock-glass” over it to keep out dust (B). He would then 




Fig. $49. — Putifying a substance by ctystallisation. 


suck the liquid away from the crystals with the clever little gadget 
shown inset in Fig. 349. The jet of water mixes with air in the 
conical tube and carries it away as a froth of bubbles. This re- 
duces the air pressure in the filter flask (C). The aflair at the top of 
this is a kind of china colander, covered by a filter paper, whi^ is 
a sort of strong thin porous blotting-paper. The pressure of the 
air pushes the liquid through into the flask and the crystals stay 
behind on the paper. The crystals are pure Glauber’s salt: but 
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they ate wet widi the liquid which has got some 3 % of common 
salt in it. So the crystals will, when dry, still contain a little salt. 
The chemist then repeats the whole process two or three times. 
Each time the crystals contain less and less salt and probably after 
three recrystallisations, none could be detected by or^nary 
analysis. The very purest material, for work where great purity 
matters, may be recrystallised 15 times. 

There are a few cases where after recrystallising a mixture, the 
crystals contain both the things which are to be separated, though 
they usually contain rather more of one constituent, and less of the 
other than the liquid does. This is one of the reasons why 
radium is expensive. A ton of ore may contain about ten milli- 
grams of radium. Ten milligrams is about a fifth of the weight of 
a small drop of water! Various chemical tricks enable nearly 
everything to be removed from the ore: so that the chemist is left 
with say, five thousand grams (about ten pounds) of barium 
bromide mixed with about 10 milligrams of radium bromide. 
Now begins the tedious process. The mixed salts are crystallised 



Fig. 550. — How fiaaional crystaliisatioa is earned out. 
A radium biomide B = barium bronude. 


in mudi the same way as our impure Glauber’s salt. The crystals 
will contain a little more radium than the original and the liquid a 
little less radium. The crystals are crystallised again, giving a new 
lot of crystals richer in radium, and a liquid poorer in radium, and 
this has to be repeated many times. Fig. 5 50 shows how the crystals 
from one process are mixed with the liquid from another, so that 




the material is gradually sorted out into pure radium bromide and 
barium bromide. As the radium bromide and barium bromide 
look precisely alike, it is very necessary to test them at every stage 
to see how the process is getting on. This is not difficult because 
the rays from the radium reveal its presence very readily by 
ionising the air and making it conduct electricity. 

This crystallisation method is usually easy: it is only a very few 
things that need such a lengthy treatment as radiiun, and needless 
to say anything that requires all this skilled labour is expensive. 
But such things as salt, sugar, soda, Epsom salts, copper sulphate, 
quinine, tartaric acid, saltpetre — to name but a few out of 
thousands — are easily purified by two or three such crystallisations. 
On the large scale, in the manufacture of chemicals, chemists use 
enamelled pans like large coppers holding a hundred or so 
gallons of liquid. The solution in them takes two or three days to 
cool, consequently, the molecules have time to arrange themselves 
as very beautiful crystals. Conunon soda is crystallised in this 
way, and forms noble arrays of crystals like great lances of ice. 
But the public prefers its soda crushed, and it is only here and 
there in a 7 lb. bag of soda that you can pick out recognisable 
crystal fragments. 

The troublesome things to purify are those that won’t boil and 
won’t dissolve in water, alcohol or anything else. Copper oxide, 
metals like iron or platinum, silicates like mica, organic things 
with huge fragile molecules like keratin (the material of hair) or 
cellulose, the material of cotton wool, are tlie really difficult things 
to purify. The only way to get them pure is either to remove 
everything else from them, or to make them from pure materials. 
We can only get pure cellulose by soaking cotton fibres in various 
chemicals which we hope will destroy or dissolve every kind of 
molecule except that of cellulose. Pure copper oxide we can 
make by crystallising the blue salt, copper sulphate, till it is quite 
pure, and contains atoms of no other metal than copper. Then we 
can turn this into pure copper by passing an electric current through 
it, and then heat the pure copper in lots of pure oxygen. In this way, 
we can get material which has nothing but copper and oxygen in it. 
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“Pure” is a relative term in chemistry. No one has ever seen a 
pure material. If “pure copper” has only one iron atom to every 
ten thousand copper atoms, it is very pure indeed. Our standard 
of “perfectly pure” material is a material in which we can find no 
impurities. Nobody believes that any of out materials are per- 
fectly pure, i.e., have no other molecules in them but those of the 
material we want. 

This survey has given us a rough idea of how the chemist 
purifies his materials. If you look at a chemical catalogue, you will 
find that you can buy about 5,000 different pure substances. Well, 
all these must have been made out of something and the only 
things man can start with in making his chemicals are air, water, 
plants, animals and the rocks. From these, the chemists make a 
few hundred pure materials, and build these up into the five 
thousand chemical substances you can buy and the two hundred 
thousand you have to make for yourself if you want them. Such 
familiar things as most of the metals, as nitric acid, aspirin, 
chloroform, benzene, most of the drugs we take, almost all our 
dyes, existed nowhere on earth till the chemist began his work. 
The two great tasks of the chemist are analysis — splitting up 
substances to see what elements and molecules they contain — and 
synthesis, building up simpler molecules into more complicated 
ones. 


FURMULiE 

Chemical formulx are a bit of a bugbear to tlie amateur. H2O is 
commonly known to mean “water”; but tilings like CjHj.CO. 
NH.C,H4.CH, and names like 

rz : 2 : (}-trimei]yl- ^^-cycHobexetyl-yirdimetbyl-^i^^i^-nonteiraene, 
put the public off. The chemical formula is a very harmless a^r: 
the chemical names look horrible because they are really a 
sentence in code. The name tells the chemist who knows the 
code what atoms there are in the molecule, and where each of 
themisl We speak ofthe man next door as Bill Jones. This merely 
labels him. The chemist could do this ifhe wanted to. He might 
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call the compound amphiblose or discotin, or something 
euphonious. But he prefers to give it a name which explains it; 
which is as if we called Bill Jones, Tbe-fetlow-mtb-red-hmr-wbo- 
Ims-at-SfX-Acacia-Stnet-and-is-a-bankrckrk, If the substance with 
the long name comes into common use the chemist gives it a 
“trivial” name which people can pronounce and remember. 
Thus, 2-phenylquinoline-4-carbox7lic acid, a drug used for 
treating gout and sciatica, receives the simple name of Atophan. 

The formula is just a shorthand way of saying what atoms there 
are in a single molecule of the substance. Each element has a 
symbol — an abbreviation— which stands for one of its atoms. 
This symbol is usually the initial of the element; in some cases the 
initial of the Latin name for the element is taken. Where several 
elements share an initial, a second small letter is appended. 

A FEW SYMBOLS 

'Element Symbol for an atom of the element 


Hydrogen 

H 

Boron 

B 

Carbon 

C 

Nitrogen 

N 

Fluorine 

F 

Neon 

Ne 

Sodium {natrium) 

Na 

Magnesium 

Mg 

Aluminium 

A 1 

Silicon 

Si 

Phosphorus 

P 

Sulphur 

S 

Chlorine 

Cl 

Bromine 

Br 

Iodine 

I 

Potassium {kaliutn) 

K 

Calcium 

Ca 

Barium 

Ba 

Iron ( fermm) 

Fe 
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Element Symbol for an atom of the element 


Copper {fuprum) 

Cu 

Nickel 

Ni 

Silver {argentum) 

Ag 

Gold {aurum) 

Au 

Zinc 

Zn 

Mercury {lydrargyrum) 

Hg 


A little number after a symbol tells the number of that kind of 
atom in the molecule. A molecule of alcohol is arranged like this, 
the black balls being carbon atoms, the littie white ones hydrogen 
atoms and the shaded one, an oxygen atom. 

The symbol for a carbon atom is C,for a hydrogen atom is H, 
and for an oxygen atom is O. So if we want to show how the 
atoms in alcohol are arranged, we can print the formula 

H H 

I I 

H-C-C— O— H 

I I 

H H 

If we are not anxious to show the arrangement of the atoms, we 
put the formula as CjHyO, meaning by it that a single molecule of 
alcohol contains two carbon atoms, six hydrogen atoms and an 
oxygen atom. One other way of writing the formula remains. 
When alcohol is treated with chemicals, it behaves as if it was 
made of three bits or groups of atoms, CH3, CHg, and OH. So 
we often write 

H H 

1 I 

H— C— C— O— H as CH3.CHa.OH 


H H 
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Fig. 366 shows pictures of the molecules of several substances and 
their formulae. To find out the formula of a complicated un- 
known substance — say a drug someone has extracted from a 
tropical plant or the body of an animal — ^is a very difficult job, and 
is much beyond the scope of this book. Roughly, you first find 
out what elements are in it, then what is the weight of each of 
them, then (knowing the weight of each kind of atom) the num- 
ber of atoms of each kind. Then comes the really difficult part. 
Given a formula hke QH,ON3, chemist’s job to find out 

that the atoms, which might ^ arranged in dozens of different 
ways, actually have, let us suppose, this particular arrangement:*^ 



which we print as 


H 

N— CO 


HN=C 


/ 


\ 


N— CH» 


CH, 

The chief trick by which these arrangements arc discovered is to 
do things (#.g., heating the substance or boiling it with acids) 
which may knock the molecules to bits: from these bits you may 
be able to separate substances of which you already know the 
formulae. These formulae, then, probably are parts of a jig-saw 
puzzle which when solved gives the formula of your molecule. 
Another method is to say, “If the formula is so-and-so, we ought 
to find that it can be made when certain specified substances are 
cooked up together.” The experiment is tried and may be successful. 

However, determining formulx is work we can leave to the 
professional: if we carry away the notion that QHjN is the 
formula of a substance which has, in every one of its molecules 
nine carbon atoms, seven hydrogen atoms and a nitrogen atom, 
it is enough for now. 

1 Throughout Part TV of this book carbon atoms are repteaented as black, 
oxygen as diagonally shaded, nitrogen as stippled, hyd^en as white, others as 
spares labelled with the appropriate symbol (p. 56)). Their sites are in general 
thirty million times greater those of the actual atoms. ^ 



CHAPTER XXI 


Hydrogen 


W HAT we call an atom of hydrogen is an atom which has 
only one electron. Its nucleus must, therefore, have a 
single positive charge. It could be a single proton as in ordinary 
hydrogen (H®): a proton and a neutron as in “heavy hydrogen” 
(H^), or a proton and 2 neutrons as in the hydrogen isotope H*. 



We know of no reason why 
^ H* with three neutrons in its 
i. ^ j nucleus should not exist: but 
there is no evidence for it. 


^ , Heavy hydrogen is a very 

Fig. 551. — Diagram ulustratmg the make- 1 i_ 

up of (A) tlie ordinary hydrogen atom new discovery, and the ex- 

(B) the H* isotope (C), the H isotope: ceedinglv rare H® still newer, 
electrons arc marked - , protons ^ , 

and neutrons N. One hydrogen atom in about 

6,000 is of the heavy H* 
variety, and one in 100,000,000 of the H® type. 

Hydrogen atoms will only remain single for a very small 
fraction of a second and then link up with their neighbours into 
pairs which we call hydrogen molecules. In these, two nuclei 


share two electrons. It is not known just how the sharing is done 


butFig. 3 j 2 gives a possibility 
— each electron rotating 
round both nuclei. At any 
rate we know that hydrogen 
gas as we make it consists 
of pairs of hydrogen atoms. 

There are at least twenty 
quite good ways of making 



Fig. 552. — possible but very coajccturai 
arrangement for a hydrogen molecule 
(Hj). The symbol + indicates a proton, 
the symbol - an electron. 


16% 
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hydrogen gas. Let us consider a very simple one whidi gets the 
hydrogen &om die cheapest compound in &e world — ^water. 

Make coke white hot and blow steam over it. Carbon and 
steam give the gases carbon monoxide and hydrogen, a process 
we have already described on p. 25 5 . This gas is then mixed with 
more steam and led over a mixture mainly consisting of iron 
oxide, whereupon the carbon monoxide and the steam give the 
gases carbon dioxide and hydrogen. 

We have now a mixture of carbon dioxide and hydrogen. 
Compressed carbon dioxide dissolves easily in water, hydrogen 
does not: so by compressing the gas and forcing it through water, 
we dissolve out all the ^bon dioxide and leave hydrogen. 

This is the chief commercial method. It gives us, by the way, a 
very good chance to show what a chemical equation is. We will 
show what happens to the steam and coke by a picture 


• + ^ — > #© + 8 
C + OHa-> CO + H, 

The equation says just the same thing as the picture, but in 
t3rpel The second stage in which carbon monoxide and steam 
giving carbon dioxide and hydrogen may be figured 


M + i| 

OC + OHa 


W' M 


+ 8 


■> COj + Ha 


The iron compounds over which the hot gases had to be 
passed do not figure in this picture because they are unehanged. 
It is not at all uncommon in chemical work to find that two 
substances will only react chemically — re-assort the atoms in their 
molecules — ^in presence of some third substance, which is 
apparently quite unchanged. 

A substance of this kind is called a catalyst. It is not really 
known how a catalyst does its work. Sometimes it may combine 
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with one of the substances and make a compound which the other 
substance breaks up again. 

Thus call the two substances A and B; their compound which 
we want to make, A£; and the catalyst C. Without the catalyst A 
does not combine with B,but with it we may find that A and C 
gives AC and then AC and B gives AB and sets free C to react 
with A once more. Thus a litde C can make any quantity of A 
and B combine. But mote often it would seem that the catalyst 
absorbs the gases on to its surface and so brings their com- 
paratively widely spaced molecules into very close contact so that 
they have a greater opportunity to combine. Be this as it may, 
these catalysts ate of huge importance. Hydrogen, ammonia, 
nitric acid, sulphuric acid and many important chemicals are made 
by means of them, and the “enzymes” by which living things 
perform almost all the peculiar chemical operations of their ceUs 
are catalysts also. 

The steam-and-coke method serves very well for commercial 
purposes. 

In the laboratory (or the home), certain metals and certain 
acids can be used to give hydrogen. 21inc and hydrochloric add 
(spirits of salt diluted with water) or dilute sulphuric add (battery 
add) are best used; the add produces with water the “ion” 
HsO'i'with a positive charge, that is to say, with one electron fewer 
than the four single atoms H, H, H and O would have. Zinc 
gives its two spare electrons to two of these ions wluch break up 
into water and hydrogen atoms which at once turn into molecules. 
The zinc turns into zinc ions which dissolve in the water. 

So, starting from pure sulphuric add and zinc, 

(i) Dilute the add and so make a molecule 

H»0 [H,0]+ 

— ► -1- [SOJ-- 

HjO (H,0]+ 

of it into two hydroxonium ions with an electron lacking and a 
sulphate ion with two extra electrons. 

(a) Put in the zinc. Its atom gives its two loose electrons to 
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die hydtozonium ions and toms them into water and hydrogen 
atoms which then form molecules. The zinc is left as an ion which 
combines with six water molecules. 

Zn + [H,0]+ ► 2n++ + aHjO + H+H 

[H,0]+ 

H + H ► Ha 

Zn++ + 6 HaO ► [Zn(H 20 ),]+ + 

The solution left behind after the zinc has given its electrons 
away, contains zinc ions (combined with six molecules of water), 
and an equal number of sulphate ions probably each combined 
with one molecule of water. If the solution is boiled down, these 
become near enough to be attracted by each other, and pack 
themselves into a beautifully regular pattern and appear as 
crystals of the salt zinc sulphate. 

We can write its formula as 


[Zn.6HaO] + + [S04.Ha01 - " 


or more simply as Zn SO4. yHaO. 


The chemist makes his hydrogen in the 
ingenious apparatus called a “Kipp” from 
its inventor and shown in Fig. 553 . 

The liquid is a mixture of an acid (not 
nitric acid) and water. The solid is zinc, 
best in the irregular lumps made by pouring 
molten zinc into water. 

Turn on the tap. The pressure of acid 
pushes the hydrogen out, and the acid rises 
on to the zinc. A steady stream of hydrogen 
is then produced. Turn off the tap, and the 
hydrogen as fast as it is produced collects 



Fig. 353 — Kipp’s ap- 
paratus. 


in the middle bulb and forces the acid back into the upper 


bulb — and after a few seconds no acid remains on the zinc 
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and the action ceases till mote hydrogen 
is wanted, and the tap is turned on againi 
Figure 354 shows a balloon being filled 
with hydrogen. A rubber cork is best, 
but a good sound one made of ordinary' 
cork does very well. It is as well to coat 
the bottom of the cork only with hot 
candle-grease. 

Suppose we have some hydrogen — say 
a cylinder of it — ^how should we tell it 
from air? It is colourless like ait and in- 
visible. If you let some' escape, it would 
not poison you, though you could not live 
in pure hydrogen. In fact, as long as you 
were careful not to strike a light and so 
cause a shattering ei^losion you could 
live in an atmosphere of four parts of 
hydrogen and one of oxygen, instead of 

Fig. J54.-Fiumg « bal- Ordinary air (4 parts nitrogen to one of 
loon with hydrogen. Oxygen), and would Only notice one 
(^uttesy of Messrs. curious difference: your voice would 

Son, Ltd.; from the sound shrill I The reason of this is in- 

’ckmls/) teresting. The voice is generated by vibra- 

ting membranes in the larynx (Adam’s 
apple or voice-box), and is intensified by the air vibiating in the 
mouth, throat and nose. Hydrogen has the same elasticity 
(restoring force) as air has, but it is much lighter so that (p. 568) 
the vibrations are much quicker and a cavity filled with it re- 
sounds to the higher frequencies in the voice. If you fill a toy 
balloon with air, it sinks slowly: filled with hydrogen, it rises 
rapidly to a great height. The reason why a balloon, full of a gas 
lighter dian air, rises has already been eiqilained: the question 
arises as to why hydrogen is so light. Actually, a cubic foot of 
hydrogen has about a fourteenth of the weight of a cubic foot of 
air. One of the most important laws in chemistry tells us 
that equal volumes of gases, under the same conditions of 
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temperature and pressure, contain the same number of 
molecules. 

If a cubic foot of oxygen contains a billion billion molecules at 
say, 15® C and a pressure of 15 Ibs./square inch, then a cubic 
foot of hydrogen will, under these same conditions also contain a 
billion billion molecules. But a hydrogen molecule contains two 
protons, while an oxygen molecule contains 52 protons and 
neutrons (the electrons arc so light that they can be left out): 
consequently, an oxygen molecule is 16 times as heavy as a 
hydrogen molecule. So a cubic foot of oxygen (a billion billion 
heavy molecules) is sixteen times as heavy as a cubic foot of 
hydrogen (a billion billion light molecules). 

Ait is a mixture of one part of oxygen, 16 times as heavy as 
hydrogen, with four parts of nitrogen, 14 times as heavy. Con- 
sequently, air is fourteen and two-fifth times as heavy as hydrogen. 
The lightness of hydrogen makes it the usual thing for filling 
balloons and airships. Helium is not much less light, and is non- 
inflammable. It is therefore more useful where enough can be 
obtained. 

Since a hydrogen molecule is very light, it must move very fast. 
A" molecules at the same temperature have the same energy — 
hit equally hard. Consequently, the light ones move fastest. 
This high-speed motion makes it very difficult for a hydrogen 
molecule to be slowed down enough to liquefy or freeze (p. 72, 
136): it liquefies only at -252® C. The only gas more difficult to 
liquefy is helium. 

The most obvious difference between hydrogen and air is 
that in air or oxygen hydrogen burns with a very hot and almost 
invisible pale blue flame. Burning is simply a chemical change — 
an alteration of the way atoms are linked together — which takes 
place with so much energy that much heat and light are given out. 
A hydrogen molecule at the ordinary temperature can bump an 
oxygen atom miUions of times a second for many years without 
altering either of them. But at a red heat, the molecules arc moving 
faster and collide harder, and the atoms in them are twisting and 
wriggling more vigorously. So, a hot hydrogen molecule bumps 
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a hot oxygen molecule and they link up and make a molecule of 
hydrogen peroxide H 2 O 2 . 



This bumps a molecule of hydrogen and so forms two mole- 
cules of steam. 


8 


These have got in them all the extra energy which the 
reshuffling of the atoms provides, and so they shoot off 
with an extra dose of energy. When either of them hits an 
oxygen molecule they hand on this energy to it, which makes it 
ready to combine with the next hydrogen molecule it hits and 
form more hydrogen peroxide and water. 

cs? + 

But since each oxygen molecule produces /wo steam molecules 
which start two oxygen molecules reacting, it is evident that 
the number of molecules combining doubles in the time interval 
taken by the process just described, which is less than a millionth 
of a second, and continues to double itself in each succeeding 
millionth of a second. 

So, clearly, hot oxygen and hydrogen will combine in an 
extremely short time and, moreover, turn all their chemical 
energy into heat and work in this short time. This means an 
explosion. If you put a match to an open jar containing a mixture 
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of oxygen and hydrogen, a deafening bang is heard and if the jar 
does not break, a faint dew of moisture is seen upon it; this is the 
water formed. 


A gas explosion like this travels as a wave. 
The first lot of gas to bum produces much 
heat and suddenly and violently expands. 
This compresses ^e gas in front of it and 
heats it up until it too explodes. The 
result is a wave of compressed gas like a 
very violent sound wave (but twice as 
rapid) travelling outward. After the ex- 
plosion is over, the wave travels on as a 
sound wave and is ultimately heard as the 
noise of the explosion. 

Hydrogen combines with lots of elements 
beside oxygen. We will leave these till wc 
talk about the elements in question, but a 
list of them will give some idea of the 



Fig. 353. — How an ex- 
plosion wave ia pro- 
pagated. 


important compounds concerned. 


ELiiMJiNT COMPOUNDS WITH HYDROGEN ONLY. 

Carbon All the compounds in oil and petrol. The two 
simplest examples are methane CH4 (firedamp) and 
acetylene CjH,. 

Nitrogen Ammonia NH3. 

0 >ygen Water OH2: hydrogen peroxide OjHj. 

Sulphur Hydrogen sulphide HjS (the poisonous part of sewer- 

gas). 

Chlorine Hydrogen chloride HCl, which dissolved in water 
gives hydrochloric add. 

Besides these, there are a host of compounds which contain 
hydrogen and two or more other elements, and these include 
ahnost everything of which the bodies of plants and animals are 
made. 

Hydrogen combines in two very different ways. Some 
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hydrogen compounds like firedamp, “methane” (CH4), or 
ammonia (Nils) stick to their hydrogen atoms pretty &mly: but 
anotlier class called “acids” very easily exchange hydrogen atoms 
for other atoms. 


ACIDS 

The idea of an “acid” is not very easy to grasp. Think of a 
few of the acids you have met. There is sulphuric acid, an oily 
transparent liquid which destroys clothes and skin, and most 
other things it is dropped on: there is citric acid, used in lemonade 
powders: there is boric acid, the boracic powder used for dusting 
sore places, etc. Not much in common between these. An acid 
is really a compoimd containing hydrogen which, when the 



Water -I Sulphuric Hydrozonium -i- Sulphate 
add ion ion 



i. 


Citric add -4- Water Hydroz- Citrate ion 
Odium 
ion 



Boric acid Water Hydroz- Borate ion 
onium ion 


Fig. 556. — Plow certain acids ionise. For explanation 
i>f symbols sec note p. 567. 




(T.i(/) rtlomlstaincd cloth. (Ceii/re) Sjmc washed and photoKniphcd in 
orclinarv light. {Ki^hi) Siimc as centre, hut photographed hy ultra-violet 
light. (By courtesy of Dr. K \V. jMart.n, Medico-Legal Department, 
University of (ilasgow. 




i'he splieie ol I’rofessur Plccard^s 
strafospheie l).illoun Itcing ex- 
amined In' X ra\s for defects. 
(Both b\ coiiiitsv of Messrs. 
Pliilips \Ietaljx, Ltd.) 



Kaclii'/^mph of the chest showing “bronchial tree** outlined by 
lipiodol, (13y courtesy ofthc authorities of Si. George’s Hospital, 
London.) 



Lauc X-ray dillraction photograph of a crystal of nephcline. 
Note the hexagonal symmetry. (By courtesy of the hVmrahgkal 
Magazine ^ 
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compound is dissolved in water is in some measure detached as a 
hydroxonium ion H3O+. 

Sulphuric, citric and boric acid are alike in giving this HsO *" 
ion when dissolved in water. They differ in that where a certain 
weight of sulphuric acid gives a million ions, the same weight of 
citric acid gives 16,000 ions and of boric acid but z^. 

We call sulphuric acid a strong add, dtric add a weak add, and 
boric add a very weak add. 


COMMON ACIDS 

ALL THESE GIVE HgO+ WHEN DISSOLVED IN WATER 


STRONG acids 


Nitric add 
Sulphuric add 
Hydrochloric add 


“aqua fortis” 
“oil of vitriol” 
“spirits of salt” 


WEAK acids 


Acetic add 
Tartaric add 

Qtric add 
Oxalic add 
Acetyl-salicylic acid 


The acid in vinegar. 

Used in baking-powder. The acid in 
sour wine. 

The add in lemon juice. 

“Salts of lemon,” very poisonous. 
Aspirin. 


VERY WEAK ACIDS 

Boric add “Boradc powder.” 

Carbonic add “Soda-water.” 


*9 
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So really all adds when mixed with water are just solutions of 
hydroxonium ion H3O+ and of some other ion which from the 
point of view of its add properties usually does not much matter. 
Adds without water (or some other solvent like water) just do 
not act as adds at all 1 So, if we want to know how adds in 
general behave, it is enough to know what hydroxonium ion 
does. 

First of all, it tastes sour. You can try that with the strong 
sulphuric add if you stir a drop or two into a tea-cup of water. 
A stronger solution woiold be dangerous. The tastes of acetic 
acid (in vinegar), of dtric add in lemon juice, are familiar enough. 
For the very weak adds, carbonic and boric, the sense of taste 
is not sensitive enough to detect the sourness. It is a pretty 
general rule that anything which tastes sour (not bitter) has an 
add in it. Unripe fruit, sorrel leaves, lemons, cranberries, aspirin, 
all contain adds and taste sour. 

Hydroxonium ion is not poisonous imless a great deal is 
present, in which case it irritates and finally destroys and liquefies 
the substance of the throat and stomach. Consequently, if you 
drink any of the strong adds mixed with only a little or no 
water, you vrill die a slow and painful death. Weak acids, and 
strong adds mixed with fifty or so times their weight of water, 
are harmless imless the other ion or the unbroken add molecule 
is poisonous. Thus, oxalic acid is very poisonous, though a 
weak add, and the most rapid of poisons, prussic add, is so weak 
as to be hardly an add at all 

Secondly, hydroxonium ion will take electrons from suitable 
metals and turn them into ions and itself into water and hydrogen. 
This has been explained under the making of hydrogen (p. 570). 
This will not work with some metals (platinum, gold, silver, 
mercury) copper): it works best with magnesium and second best 
with zinc. Actually, the hydrogen comes off very slowly unless 
the add is a fairly strong one. 

Finally, hydroxonium ion H3O+ and hydroxyl ion OH~ combine 
and form water H, 0 . The things which give hydroxonium ion 
are adds and those which give hydroxyl ion ate called alkalies 
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ot bases. So acids combine with alkalies to give water; and the 
remaining ions when the solution is boiled down pack themselves 
into crystals and are called a salt. 

Consider some caustic soda. The molecule of this is a positively 
charged sodium ion bound by electrical attraction to a negatively 
charged hydroxyl ion (Fig. 557, 1 ). Dissolve it in water and the 
ions wander off freely, a bodyguard of water molecules screening 
them from each other’s attraction (Fig. 357, II). Dissolve some 
hydrochloric acid in water (Fig. 357, III). It changes to hydrox- 
onium ion H 80 + and chloride ion Cl“ — a chlorine atom with an 
extra electron. Mix the two solutions. Hydroxonium ion and 
hydroxyl ion give water (Fig. 357, IV), and the chloride ion 
and sodium ion Cl- and Na^ are left. Now, a mixture 



of sodium ions, chloride ions and 
water is just a solution of common 
salt, and if you boil the solution 
dry you get small crystals of 
sodium chloride built out of ions 
of sodium and chlorine (p. 47). 

Any acid and any alkali or base 
give a salt and water. A salt in 
the chemical sense does not mean 
common salt, which is only one 
of thousands. It means a material 


OF 

SALT. 



Fig. 5 57. — How sodium hydroxide and 
hydrochloric acid give common salt. 


composed of positive ions electri- 
cally attracted to negative ions, 
with the limitation that the posi- 
tive ion must not be hydrogen 
or hydroxonium (or the material 
would be an acid) and the nega- 
tive ion must not be hydroxyl 
OH~ (or the material would be 
an alkali). 

Salts are well enough known to 


all of us. The following table tells us the formulae of a few salts and 


shows the acids and metals (or alkalies) they can be made from. 
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SALTS 


Common 

name. 

Chemical 

name. 

For- 

mula. 

Made from 

Acid 

Alkali 
or Base. 

Common salt 

Sodium chloride 

NaCl 

Hydrochloric 

HCl 

Caustic soda 
NaOH 

Glauber's salt 

Sodium sulphate 

Na2S04 

Sulphuric 

HgSO* 

Caustic soda 
NaOH 

Saltpetre 

Potassium 

nitrate 

KNO3 

Nitric 

HNOa 

Caustic potash 
KOH 

Plaster of Paris 

Calcium sulphate 

C:aS04 

Sulphuric 

H2SO4 

Calcium hydrox- 
ide or lime 
a(OH)B 

Marble 

Calcium 

carbonate 

CaCOa 

Caibonic 

HaCOa 

Calcium hydrox- 
ide or lime 
CaCOPQa 

Lunar caustic 

Silver nitrate 

AgNOj 

Nitric 

HNOj 

Silver oxide 
AggO 

Blue vitriol 

Copper sulphate 

CuSO* 

Sulphuric 

n*so« 

Copper oxide 

Corrosive 

Mercuric 

HgCl* 

Hydrochloric 

Mercuric oxide 

Sublimate 

chloride 

HQ 

HgO 

White vitriol 

Zinc sulphate 

ZnSO. 

Sulphuric acid 
H2SO4 

Zinc oxide 
ZnO 


Some sort of rough idea that (i) an acid is a thing which parts 
with its hydrogen atoms easily; (2) an alkali is a thing which 
gives away an OH~ group easily; (3) a salt is a package of positive 
and negative ions (other than H3O+ or OH“) will do to carry 
us through our glance at the chemistry of other elements. 


USES OF HYDROGEN 

Vast quantities of hydrogen are used nowadays for hydrogenat- 
ing coal to turn it partly into petrol (p. 255); for turning cheap 
uneatable oils (p. 630) into clean fats for making margarine — 
for hydrogenating lubricating oils (p. 233), and for turning 
nitrogen into ammonia (p. 647). 



CHAPTER XXII 


Air and Oxygen 


OXYGEN 


O XYGEN is the most abundant element in the world. The 
airis one-fifth oxygen, all the vast wastes of the sea are eight- 
ninths oxygen and the rocks we walk on contain between a 
quarter and half their weight of oxygen. I look round this room — 
metals excepted, I cannot see a. tiling which does not contain 
oxygen. Skin, cotton, wool, brick, glass, china, wood, paint, 
ivory, all contain oxygen. 

It is characteristic TWO OXYGEN ATOMS 

of oxygen that it com- 
bines with most things 

very readily if they are ^ 

heated and once an 

oxygen atom has com- Siy electrons in outer Six electrons in outer 
bined with another layer. layer. 

kind of atom, it is not ---nrr:: - - 

easy to tear it away 

from its companion. U I m i n 

The chemist calls it \\ V 

a reactive element — 

one which readily Eight electrons in ^ Eight electrons in 

forms compounds. outer layer. outer layer. 

An oxygen atom oxygen molecule 

has a nucleus with Fig. 558. — A diagram illustrating how two oxygen 

eieht orotons and atpim might form an cwygen molecule. Like 
^ . . all pictures of the insides of atoms, it is not to 

eight neutrons in it. be taken too literally. 


Six electrons in otiter 
layer. 


Six electrons in outer 
layer. 


Eight electrons in Eight electrons in 
outer layer. outer layer. 

OXYGEN MOLECULE 

Fig. 558. — A diagram illustrating how two oxygen 
atoms might form an oxygen molecule. Like 
all pictures of the insides of atoms, it is not to 
be taken too literally. 
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Round this circulate, first, two i -quantum electrons, then six 
2-quantum electrons. The arrangement with least energy is the 
ting of eight electrons. Accordingly, an oxygen atom tries to get 
two electrons by combining with other atoms. It can do this 
by combining with another oxygen atom, two electrons of each 
being shared by the other to give at least a share of eight to each. 

One can make oxygen in twenty or more ways, but the only 
industrial method is to get it from the air. It may seem odd not 
to get it from water, which is eight-ninths oxygen, instead of 
from air, which contains only a fifth. The trouble is that when 
a ton of hydrogen and eight tons of oxygen combine and make 
nine tons of water, they give out a great deal of heat — about 
equivalent, in fact, to 50,000 horse-power hours. It follows, 
then, that to get those eight tons of oxygen back, we must spend 
at least those 50,000 horse-power hours of energy, and energy 
costs money. The air is simply a mix-up of oxygen molecules 
and nitrogen molecules. If a trick can be found to separate these, 
as we might separate peas and beans, the oxygen can be got 
without spending much energy. The trick has been performed. 
Air is liquefied as described on p. 136, and the liquid air is 
distilled in an apparatus which works on much the same principle 
as the petroleum still illustrated on p. 234. Oxygen boils at 
— 186“ C. and nitrogen at — 195° C., so by very careful design 
of the apparatus, liquid oxygen can be left in the still while the 
more volatile nitrogen passes out of it. The oxygen is chiefly 
used for medical purposes; for the majority of chemical purposes, 
oxygen mixed up with nitrogen — ^i.e. air — does very well. 

If you want to see a little oxygen, a simple way is to put a 
teaspoonfiil of permanganate crystals in a medicine botde and 
pour in about half an ounce of hydrogen peroxide. Bubbles of 
oxygen come frothing out, and if you lower a burning match 
on a wire into the bottle, you will see the brilliant way in which 
things bum in oxygen. Pure oxygen looks and smells and tastes 
exactly like air. It is absolutely necessary for the life of any 
animal or plant more complicated than a bacterium. Pure oxygen, 
however, is a slow poison to mammals and causes inflammation 
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of the lungs; for medical purposes, where the lungs are not doing 
their work properly, a mixture of air and oxygen is often adminiS' 
tered to patients and has saved many lives. The very interesting 
subject of oxygen and breathing is taken up again in Chapter 
XXXVIII. dsygen and indeed all gases dissolve slightly in water. 
Water contains eight-ninths of its weight of oxygen atoms all 
combined with hydrogen atoms but, if pure, no oxygen mole- 
cules. Animals need oxygen molecules for their breathing, conse- 
quently in pure water a fish drowns as quickly as a man. All 
ordinary water contains dissolved oxygen, which the fish extracts 
by means of its gills. Sewage absorbs oxygen and so very foul 
rivers will not support the life of fish. 

COMBUSTION 

When most things are heated in oxygen — or air— rthey combine 
with it. The only things which will stand heating in oxygen 
without reacting with oxygen are the “inert gases” like neon; 
fluorine, chlorine, bromine and iodine; platinum, gold and silver 
and the things which have already combined with as much 
oxygen as they can, such as stones, fireclay, quartz and hme. 

To describe what happens to things when they are heated in 
air or oxygen really needs a volume to itself. 

First, consider the elements. These are divided into non-metals 
and metals. Of the common non-metals, hydrogen, we know, 
burns to water. The flame of hydrogen burning in oxygen is 
one of the hottest in the world and temperatures of 2500® C. 
have been reached with it. It is not of much practical use, as the 
electric arc is cheaper and as hot. Carbon exists as diamonds, 
as graphite and as charcoal. In diamond, the carbon atoms ate 
aU chemically combined; it slowly wastes away when kept at a 
white heat in oxygen. Graphite does the same thing, but the 
very porous charcoal burns quickly with a white and brilliant 
light. In each case the gas carbon ^oxide is produced; but it is 
possible (p. 254) to get carbon monoxide. Nitrogen does not 
bum in oxygen, but if made very hot it gives the gas nitric 
oxide. This is a commercial way of making nitric acid (p. 647). 
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Sulphiu bums widi a violet flame and gives the gas sulphur 
dioxide, familiar as the fumes of fireworks. 

The metals are all (except platinum, gold and silver) affected 
by oxygen. A few will bum in air. Everyone has seen magnesium 
ribbon burning. If you blow a little aluminium powder into a 
flame, it bums with a bright flash. 

An interesting application of riiis is 
the Sashalite flash lamp. This is designed 
to give a sudden brilliant flash for press- 
photography, etc. It is a bulb (Fig. 359) 
filled wi^ oxygen at low pressure and 
containing a mass of crumpled alu- 
minium foil — “silver paper.” The 
passing of a current heats a filament 
which ignites a composition which, in 
turn, fires the aluminium. Its great 
advantage over the old flash powder is 
its smokelessness. 

Iron bums too, as you can easily see 
when steel is ground on a carborundum 
wheel. If you drop a pinch of iron filings 
into a flame, you can see it bum with pretty 
branched sparks. Other metals like lead 
or nickel do not easily bum but, if kept 
at a red heat in air, slowly change into 
the oxide. 

In every case, the meuil forms a compotmd with oxygen called 
an oxide. The white ash from burning magnesium is magnesium 
oxide, the scale from burning iron is one of the several iron 
oxides, the black brittle stuff which is left on a copper wire which 
has been made red hot is copper oxide. 

The things which we burn for practical purposes are com- 
pounds of carbon and hydrogen, as coal and oil, or of carbon, 
hydrogen and oxygen as spirit, wood, paper, fats, etc. In every 
case, if there is enough air or oxygen, when these things bum, 
they produce cathon diosdde and water. 




Air and 



Twenty-four molecules of oxygen 



and four units of a cellulose molecule 



Produce twenty molecules of water 














and twenty-four molecules of carbon dioxide 
Fig. 360. — ^What happens to the molecules when cotton wool 
bums. The black spheres represent carbon atoins^ the grey 
spheres oxygen atoms, the white spheres hydrogen atoms. 
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A piece of cotton wool is fairly pure cellulose with a very 
complicated molecule, which, however, is a string of about 200 
QHiqOj units, of which four only appear in Fig. 360. This unit 
when it burns takes up 12 atoms of oxygen and gives carbon 
dioxide and water. 

But, in actual fact, though the picture above shows the final 
result of burning cotton wool, all sorts of fragments of molecules 
are formed and later destroyed. If you blow the burning cotton 
wool out, you smell an acrid smoke which contains a variety 
of carbon compounds — acetic acid is the simplest — arising from 
the breaking up of the cellulose molecule. Ihe final products, 
however, when everjrthing has been burnt, are carbon dioxide 
and water. 

The fact that there is any oxygen at all in the air is odd. At 
the time of the earth’s history when there was no life, there 
must have been much less oxygen — ^perhaps none — ^in the air. 
Plants make all their substance from the carbon dioxide of the 
air, and animals make their bodies from plants, so all the coal and 
oil in the world must have been ultimately produced by plants 
taking the carbon from carbon dioxide and returning the oxygen 
to the air. Well, it is very hard to say how much coal and oil 
there is under the earth, but rough estimates make it likely that 
if all the coal and oil and vegetation of the world were burned 
so that the carbon in them went back to the carbon dioxide that 
it came from, there would not be much oxygen left in the air. 

Recent observations of the spectra of the atmospheres of 
Jupiter, Saturn, Uranus and Neptune indicate that they are 
mostly made of methane (the inflammable gas found in coal 
mines). This seems to be well authenticated and shows that there 
is no oxygen worth speaking of in the atmospheres of these 
planets, for if there were, passing meteors would long ago have 
caused a huge gas-explosion and turned the methane into carbon 
dioxide. 



CHAPTER XXIII 


Carbon the Lifegiver 


CARBON CHAINS 


T he atoms of the element carbon have the power of linking 
themselves into long chains, rings and nets. Chains of more 
than 3 or 4 atoms of the same kind cannot be made by any 
other element except carbon. Consequently carbon forms 
complicated compounds having larger molecules .than those of 
any other element. These compounds are all-important to us, 
for it is of them that our bodies arc made. 


We shall have more to say of the carbon compounds in our 
bodies in Chapter XXXVIII; for the present, we may look at a 
few of the simpler but important materials containing carbon. 

Carbon itself occurs as two 



very different kinds of crystals, 
diamond and graphite. A 
diamond crystal is made of 
carbon atoms all chemically 
combined in a 3-dimensional 



Fig. 361. — Structure of diamond (left) and graphite (right). The spheres represent 
carbon atoms. 
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net of hexagons (Fig. 361). A graphite crystal is a pile of flat nets 
of carbon atoms, the atoms in each net being chemically com- 
bined — linked by sharing their electrons — while the individual 
nets are only held together by rather feeble electrical attractions. 

Both diamond and graphite are very difficult to affect by 
chemicals because the carbon atoms are already as fully combined 
as possible except just at the surfaces and edges and only a very 
small proportion of the atoms are at the edge. But there are 
several other materials which are nearly all carbon, notably char- 
coal (made by heating wood in a vessel from which air is excluded), 
lampblack, coke, etc. Qiarcoal made by heating sugar in a closed 
vessel is almost pure carbon. The X-ray pattern shows that, like 
graphite, its atoms make hexagonal nets, but that these nets are 
probably very small and jumbled together irregularly. The result 
of this is that these small “nets” have a great many edges where 
chemicals can get at the carbon atoms. Consequently, charcoal 
burns quite easily and is slightly affected by some adds which do 
not affect diamond or graphite to any extent that we can measure. 
A very curious property of charcoal is its power of absorbing 
other things, which may be simply due to its very open porous 
structure which makes it — like a heap of scraps of paper — almost 
all surface. All surfaces whether of glass, metal, china, or what 
not, when exposed to air or any gas, cover themselves with a 
very fine layer of gas about one molecule thick. With a thing like 
a sphere of graphite an inch in diameter, this would mean only 
one ten-millionth or so of its weight of gas. Put now suppose 
the gas could penetrate into the graphite and a molecule attached 
itself to every carbon atom. If the gas was, say, ammonia, there 
would be as many molecules of gas as carbon atoms and the 
sphere would absorb twenty or so litres, two thousand times its 
volume of ammonia. Well, a piece of charcoal which has been 
made red hot and cooled in a vacuum will absorb 170 times its 
volume of ammonia gas. So it looks as if about every 12th 
atom in the charcoal was holding on to an ammonia molecule 
and we might guess (on not too reliable grounds) that charcoal 
was a jumble of nets of carbon atoms of such a size that every 
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atom in i a or so was an edge atom capable of holding on to a 
gas molecule. This behaviour of charcoal is most useful in 
making and regulating high vacuums (p. 204). It is also greatly 
used for making sugar white. Sugar-cane juice is of a brownish 
tint and the brown stuff is some compound with a huge molecule 
(which we have not yet learnt how to map out). The manu- 
facturer filters the juice through charcoal, which absorbs this 
brown stuff and lets the colourless sugar solution pass on. When 
the charcoal has absorbed all the colour it can, it is made red hot. 
This turns the brown colouring matter, etc., into more charcoal, 
and this charcoal can be used over again. If you boil a little diluted 
beer or port wine with powdered charcoal (the material made by 
charring bones is the best) it will take all the colour out of the liquid . 

Carbon is a rather unreactive substance. Charcoal from old 
fires lighted by the primitive Sinanthropus man perhaps a 
million years ago remains unchanged, though any metd but gold 
would have corroded to a shapeless mass of rust. Now carbon 
(in the form of graphite) is one of the very few things which 
resists chemicals and also conducts electricity well, consequently 
it is used very greatly for anodes in electrolytic cells such as 
those described on p. 691 for making aluminium. To make these 
anodes a rather interesting process is employed. The anodes 
are moulded out of ordinary powdered carbon with a little tar 
to stick it together. They are baked hard and packed in coke 
dust in a large box-shaped furnace. A very large electric current 
is sent through this which makes the whole thing white hot. 
The effect of this is to turn the anodes into graphite — ^probably 
as a result of the little networks of carbon atoms linking with 
others to form bigger ones. 

CARBON MONOXIDE 

Carbon forms two well-known compounds with oxygen — 
both gases. It is rather interesting to see how very different they 
are, in spite of their both being made of nothing but carbon 
and oxygen. 
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The two gases are carbon monoside and carbon dioxide. We 
have already seen how carbon monoxide is produced when air 
is blown through red hot coke (p. 254), or when steam is blown 
through white hot coke. If any ordinary fuel, oil, petrol, gas, 
coke, coal, etc., is burned with a full supply of air, only carbon 
dioxide appears in the gases produced, but if air is deficient, or 
burning is imperfect as in a coke fire with a poor draught or the 
exhaust of an idling motor engine, carbon monoxide is produced. 
Chemists have several ways of making pure carbon monoxide, 
but the important thing from our point of view is its use as a 
fuel and its dangers. We have already written in Chapter IX 
of its practical use for running gas engines. 

Pure carbon monoxide looks like air and has only a faint smell 
not unlike that of onions. It is often said to be odourless because 
the observer has been afraid to take a good sniff of it. It would 
not be dangerous if it smelt Uke chlorine or ammonia, but it 
poisons many people every year because they do not notice it 
in time. Carbon monoxide does its deadly work because it 
combines with haemoglobin — the stuff which makes our blood red. 
The function of haemoglobin is to carry oxygen from the lungs 
to the rest of the body. But the carbon monoxide molecule takes 
up the position on the haemoglobin molecule that the oxygen 
molecule should occupy and so suffocates the body from within. 
It has been calculated that air containing one or two parts of 
carbon monoxide in ten thousand is dangerous if breathed for 
many hours. Now coal gas contains from one-tenth to one-third 
carbon monoxide and motor-exhaust may contain several parts 
of it per hundred. Coke fumes may contain up to 20% of the gas. 
All these are therefore poisonous. Coal gas is to-day the com- 
monest way of committing suidde; occasionally, a broken main 
lets enough gas into a house to poison the sleepy occupants. 
Motor-car exhaust is not dangerous in the open air, but it may 
leak into a closed car and cause faintness and even death, and 
it is most dangerous to run a car in a closed garage. Most people 
know the dangers of the coke-bucket, but in southern countries 
deaths sometimes occur through taking the pans of smouldering 
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charcoal, used for warming rooms, into bedrooms with closed 
windows. 

Gurbon monoxide bums widi the beautiful blue smokeless 
flame which may be seen playing over a bright fire of glowing 
coals. When it bums, its molecule takes another atom of oxygen 
and forms carbon dioxide, as is illustrated in Fig. 139, p. 254. 
It will also combine with the gas chlorine and forms foe deadly 
poison-gas carbonyl chloride or phosgene which is far more 
deadly than carbon monoxide. 

CARBON DIOXIDE 

Carbon dioxide presents an entirely different picture. It is a 
kindly and beneficent substance. It feeds foe green plants of 
foe world and is harmless to man unless a great deal is breathed. 
It has dozens of uses in industry; dissolved in water it gives soda 
water; solidified, it gives foe Drikold which keeps ices cold; it 
is used in making washing soda and a good many other chemicals. 
Finally, it is a strong stimulant to breathing, a mixture of oxygen 
and a little carbon dioxide being quite foe best thing for reviving 
foe partly suffocated. 

The air contains a little carbon dioxide — ^in foe open country 
about 3 parts in 10,000. Every breath man and animal exhales, 
every bit of coal, oil or gas burnt, sends carbon dioxide into the 
air. The coal that foe world bums, alone sends seven hundred 
and fifty cubic miles of carbon dioxide into the air each year. 
Yet foe proportion does not increase, first, because the ocean 
of air is so vast, and secondly because countless myriads of leaves 
on land and of tiny green algae and diatoms in foe sea, are turn- 
ing foe gas to starch, sugar and cellulose on which men and 
animals will feed. 

Carbon dioxide is made, as we have seen, by burning carbon 
and all foe fuels containing it, but in this way we get it mixed 
up with air. When it is wanted pure, waste furnace gases con- 
taining 10% or more of foe gas, a little oxygen and a great deal 
of nitrogen are compressed and forced into water. The water 
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dissolves the compressed catboo dioxide very easily, making a 
sort of super-soda-water containing very little of the nitrogen 
etc., in the fuel gas. When the pressure is released, the carbon 
dioxide bubbles out of the water again. It is compressed again 
and then liquefies easily (which any impurities like nitrogen do 
not) and can be forced into cylinders. 

This is the cheapest way of making it. The easiest is to drop 


a piece of soda into vinegarl The 

MARBLE HYDROCHLORIC 
AQD 

Qlcium Carbonate Hydrox- Chloride 
ion ion onium ion 
ion 



Dissolved CARBON Water Dissolved 
Calcium DIOXIDE Chloride 

ion ions 


Fig. 362. — ^How marble and hydrochloric 
add give carbonic acid, wmeh breaks 
up into carbon dioxide and water. 


laboratory way is to use the 
apparatus shown in Fig. 553, 
putting marble chips in the 
centre bulb instead of zinc. 
Marble is calcium carbonate 
— a regular arrangement of 
calcium ions and carbonate 
ions. The hydroxonium ions 
from the acid and the carbon- 
ate ions produce carbon di- 
oxide gas and water, while 
the calcium ions and chloride 
ions remain dissolved in the 
water (Fig. 362). 

It is colourless and in- 
visible like most gases. It 
has the slight smell and taste 
we all know in soda-water. 
Water dissolves it a good 
deal more freely than most 
gases and tbesolutionis a very 
feeble acid. Carbon dioxide 


will not burn because it can’t combine with any more oxygen. 
Every atom has a limit of combining power. It takes two 
electrons to hitch an oxygen atom to anything — ^its 6-group of 
electrons has to be made up to 8. Carbon has four “spare” 
electrons, not in a complete group already, so it can hitch up 
to one oxygen atom by using two of these or to two oxygen 
atoms by using all its four; but it can’t hitch to three oxygen 
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atoms unless it borrows some electrons as it does in the CO, 
ion, where the calcium atom supplies a couple. 

Most things will not bum in carbon dioxide because they 
would have to get the oxygen for their burning away from the 
carbon. Only a very few atoms (magnesium is an example) are 
energetic enough to do this. Consequently, carbon dioxide is a 
useful fire extinguisher. It is not of much use by itself because the 
draught of the fire carries it away, but a foam of bubbles filled 
with carbon dioxide is the best way of putting out oil fires. 

In a foam extinguisher an acid solution (often of alum) is 
pumped through one limb of a Y-shaped tube, while a solution of 
soda is pumped through the other. Some slimy substance such as 
liquorice is often added, so that the foam produced shall last. 
The two solutions meet, mix and produce bubbles of carbon 
dioxide: these pass out as a foam through a nozzle attached to the 
third limb of the Y-shaped tube. 

Just look back a moment. We have talked of two gases, carbon 
monoxide and carbon dioxide, both made of oxygen and carbon 
and nothing else. They don’t differ as, say, a weak whisky-and- 
water differs from a strong one, but they are qtiite as different as 
wliisky-and-soda is from cafi6-au-lait. Carbon monoxide burns 
because the carbon atom has spare electrons with which to hold an 
oxygen atom — carbon dioxide does not because its carbon atoms 
have used up all their electrons. Carbon monoxide is poisonous 
because it has spare electrons by which to link itself to the blood- 
pigment; carbon dioxide stimulates breathing because — ^well, 
because the body has evolved a regulator which detects an undue 
amount of carbon dioxide in the blood and quickens the breathing 
to breathe it out again. There is a sensible reason for all the 
differences between these gases; most of these reasons we know, 
but we can’t put many of them in simple language. 

ORGANIC CHEMISTRY 

A whole department of Science — Organic Chemistry — is given 
up to the compounds of carbon. The name Organic Chemistry 
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dates ficom a centuiy back, when it was believed that carbon 
compounds such as sugar, alcohol, uric acid, etc., could only be 
made by the help of an organism — animal or plant. The great 
majority of organic compoimds can now be made by starting 
with the simple elements, carbon, hydrogen, oxygen and nitrogen; 
none the less, the name “organic” is still fairly appropriate 
because the bodies of animals and plants are chiefly made up of 
these '^organic” compounds of carbon. Moreover, the soiuce 
of very many of our organic compounds are such plant products 
as sugar, starch, wood, vegetable adds, turpentine, etc.; 
and the most important source of all — coal tar — ^is derived 
from coal, the mummified remains of andent swamps and 
forests. 

Organic chemistry is very highly systematised. The organic 
chemists in the last hundred years have learned to predict with 
some accuracy how a new molecule containing carbon atoms is 
likely to behave, and they have developed ways of building up or 
synthesising almost any possible kind of molecule. 

One of their most interesting and important tasks is finding 
out how the molecules of the drugs, dyes, perfumes, etc., found 
in plants are constructed, and then building up those molecules 
from cheap and common compounds. A good example of this 
work is given by the case of iri^go. Fifty years ago, the valuable 
blue dye indigo was made chiefly in India from the indigo plant. 
The material was expensive and not very pure, various brownish 
substances being mixed with it. Then the chemists got to work 
on indigo. They broke it up by heat. They broke it up by treat- 
ment with nitric acid; they applied every kind of chemical trick 
to it and so split its molecules into a number of materials with 
simpler molecules. These latter molecules were already .known 
to have certain structures and by a sort of intelligent piecing 
together, it was settled that the indigo molecule had a 
structure of carbon atoms, hydrogen atoms, oxygen atoms, 
and nitrogen atoms linked up into the pattern which the 
chemists express thus, and which is pictorially represented in 
Fig. 363, VIII. 
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Fig. 363. — How the chemists build up the complicated 
molecule of indigo. (See footnote, p. 567 for symbols 
employed.) 
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Then the chemists began to work on making a substance with 
these molecules from quite simple and cheap materials. It took 
a long time to find the way but, finally, sever^ possible ways were 
devised and one proved to be an even cheaper way of making 
it than by getting it from the plant. 

They start with benzene (I), which is very cheap and gives 
the necessary hexagons of carbon atoms, and with acetic acid (U), 
which is also made very cheaply by distilling wood. The benzene 
they mix with nitric acid and sulphuric add and obtain a yellow 
almond-smelling oil, nitrobenzene (III). This, with the help 
of iron and water, which supply hydrogen, they turned into 
aniline (IV). Meanwhile the acetic add has been boiled and 
chlorine bubbled through it, giving chloracetic add (V). This 
is heated with the aniline and gives phenylglydne (VI). This is 
then melted with caustic potash and gives indoxyl (VII). This 
has only to be dissolved in soda solution and exposed to air to 
turn into indigo (VIII). And this is cheaper than growing indigo 
plants? Curiously, it is so much cheaper that indigo planting is 
extinct. 

It is remarkable that these complicated molecules were all 
mapped out by deducing from their chemical behaviour where 
these atoms had to be. There was no prospect of mapping them 
in any other way until X-ray analysis came along and proved the 
organic chemist exactly right in all the cases which have been 
tested. Fig. 305, p. 487, shows the X-ray picture and the chemical 
formula for anthracene. 

Organic chemistry has enabled us to make a number of im- 
portant natural substances more cheaply than they could be made 
from plants. Besides indigo, oil of bitter almonds, oil of cinna- 
mon, oil of cloves, and camphor are examples of things which 
are now usually made in chemical works instead of being grown. 
But a far more important side of this synthetic work is the making 
of substances which never existed till man learned to make them. 
Anssthetics like chloroform and ether, valuable drugs like 
sulphonal, aspirin, phenacetin, salvarsan, amyl nitrite; explosives 
like nitroglycerine and “T.N.T.”, poisons like mustard gas; all 
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the novel dyes which make out modem dresses £at more varied 
and brilliant in colour than those of any other age — all these 
are new substances which could never have eusted without the 
organic chemist’s syntheses. 

HYDROCARBONS 

The skeleton of a molecule of an organic compound is nearly 
always a chain of carbon atoms. The chain may be straight or 
branched, or very commonly may return on itself as a loop. 
A carbon atom has four electrons in its outer group, so it can 
attach itself to four other atoms. When two atoms are linked in 
a compound, they each share the other’s electrons and a pair of 
shared electrons is symbolised by the organic chemist as a line — . 
Thus, the molecule of the gas ethane (contained in natural gas) 
is something like this: the big black sphere being a 

model of a carbon atom and the Utde white one of a hydrogen 
atom. The organic chemist calls the carbon atom C and the 
hydrogen atom H and writes the structure as: 

H H 

1 I 

H— C C-H 

1 1 

H H 

Since the carbon atom has four spare electrons, it can share with 
four other atoms and unlike most other atoms it always uses all 
its four spare electrons. So, in the formula of an organic com- 
pound, every C atom has four “bonds,” as we call them, linking 
it to other atoms. The four linkages are not arranged like a flat 
cross but are as far as possible away from each other. Thus, 
methane is not II but I: m 

.'t H 


H C H 
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None tibe less, organic chemists usually write their formula in 
the flat style II, because the solid style I is so difficult to draw 
or print from type. 

The simplest organic compounds have only carbon and hydro- 
gen atoms in their molecules. An enormous number of hydro- 
carbons are known and it is worth describing them rather fully 
just to show what a variety of things can be made out of only 
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Six carbon atoms and fourteen hydrogen atoms can be linked up In 5 didietent 
ways. Each of these five is a picture of the molecule of a aiffirtnt substance. 
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two kinds of atoms. These hydrocarbons (not the same as 
carbohydratesl) are of three chief types. First, the ones that have 
straight chains where the carbon atoms are linked to each other 
by a single pair of electrons. These are called the paraffin hydro- 
carbons. There are an enormous number of these. Page J98 
shows that a molecule containing six carbon atoms and fourteen 
hydrogen atoms can be linked up in j different ways; while a 
molecule containing thirteen carbon atoms and twenty-eight 
hydrogen atoms can be made up in 802 ways. Doubdess, 802 
different oils of formula CuH^g could be made if enough organic 
chemists worked at the problem for long enough, but as they 
would only differ in boiling point and freezing point by a few 
degrees and in density by a few parts per thousand, the work 
will not be done till there are more organic chemists and fewer 
problems for them to tackle. These 802 “isomerides” (as we 
call compotmds with the same set of atoms differently arranged) 
of formula CuHgg are all called trldecanes, though we have exact 
ways of nanung each one so as to define the arrangement. 

The four simplest hydrocarbons are all gases. They include 
methane, CH4, the firedamp found in mines, ethane pro- 
pane QHg, and butane C4HJ0, and are all found in natural gas 
(p. 228), which is an important fuel in the U.S. A. 

The next five are liquids much like petrol, which (p. 000) 
contains a good deal of them. They are called pentane (CjHu), 
hexane (0,1114), heptane (C7H1,), octane (CgHi,) and nonane 
(0,1 Ijo), and each of them, like hexane (p. 598) can exist in 
several different forms. The next seven (OioHn to Ci,H,4) are 
contained in petrol, paraffin oil and gas oil. The remaining 
paraffin hydrocarbons with more than sixteen carbon atoms are 
waxes. Paraffin wax — candle grease — ^is a mix-up of paraffin 
hydrocarbons with twenty or so carbon atoms. The biggest 
hydrocarbon molecule has a chain of sixty carbon atoms. 

These hydrocarbons are used as fuels as we have already seen 
(p.23 3)and paraffin wax has various uses — as an insulator, for water- 
.proo&g p^r, etc. — ^but they are rather inert substances on the 
whole. They are very little a^cted by chemicals and the chemist 
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does not bother much with them. The gas ethylene deserves a 
passing glance. It has the formula C2H4, its two carbon atoms 
linked by two electron pairs, thus: 


H H 

\/ 
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/\ or 

\/ 

C 

/\ 

H H 


H H 

\/ 

C 

II 
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H H 


as it is commonly written. It is not very important in itself, but 
this double link comes in many important compounds. There 
are a great many other hydrocarbons with straight chains and 
double links, but they are not important. 

Acetylene has its carbon atoms linked by 3 electron pairs. 
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/ \ 
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H 


This arrangement is one which is unstable, probably because the 
electrons in the 3 pairs repel each other, and their orbits, like 
bent bows, have a great store of energy. The result is that 
acetylene is very reactive — combining with most things — and 
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that when compressed it is a high explosive! It is not safe to 
send it about compressed into cylinders like oxygen or hydrogen. 
Instead, it is dissolved imder pressure in acetone just as carbon 
dioxide is dissolved under pressure in water to make soda-water. 
Acetylene has some com- 
mercial importance because 
when burned in oxygen it 
gives an intensely hot flame 
by means of wUch steel 
can be welded. Fig. 364 
shows an acetylene blow- 
pipe. Acetylene enters at B, 
oxygen at A. It would be most dangerous to store mixed oxygen 
and acetylene: in the blowpipe they are only mixed the moment 
before they burn at the nozzle. 

Everyone knows that acetylene is made from calcium carbide 
and water. Calcium carbide itself is made in rather an interesting 
way. Coke and lime are fed into a furnace through which a big 
electric current flows. Coke conducts electricity and is heated 

white hot by the current; 
the liquid calcium carbide 
runs out at the bottom of 
the furnace. 

The calcium carbide is 
not by any means pure 
and it is the traces of 
other gases like phos- 
phorus hydride and silicon 
hydride that make acety- 
lene smell so foul. The 
pure gas has not much 
smell, and what it has is 
not unpleasant. When it 
is made on the large scale the odorous gases are taken out by 
means of chemicals which combine with them and not with 
acetylene. 



Fig. j6j. — White hot coke (carbon) and lime 
(calcium oxide) change into calcium car- 
bide and carboa monoxide. 



Fio. 564. — ^The oxy-accfylenc blowpipe. 
Oxygen enters at A, acetylene at B. 
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Carotene, the otange-yellow substance in carrots 


Fig. 366. — The molecules of some of the hundreds of thousands of 
ring-compounds of carbon. Most of these rings are made up of 6 
atoms, but one example of a 4-cing is shown. 
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The majority of hydrocarbons have rings of carbon atoms. 
Rings of }, 4, j, 6, 7, 8 or more carbon atoms are known, but the 
ring of 6 is overwhelmingly the commonest. It docs not seem 
clear why 6 is commoner than j, but if you remember that the 
electron pairs which link carbon atoms are inclined at 109® to each 
other, it is not very difficult to see that in the 3 and 4 membered 
rings the links must be pulled out of their usual place, while in the 
bigger ones they can take their natural positions, particularly 
if the rings are “buckled.” The most remarkable ring molecules 
have a “skeleton” consisting of as many as fifteen carbon atoms 
strung into a loop. These are found in the perfumes civet and 
musk, which are derived from animal glands, and which are 
extraordinarily permanent. The scent of vegetable oils leaves 
a garment in hours, that of musk only in months or 
years. 

If the carbon atoms are linked into rings by single pairs of 
electrons, we get what are called polymethylenes; these ate 
contained in petrol. If they have alternate double and single 
links, we get the very important hydrocarbons we call “aromatics.” 
The chief of these are benzene with a ring of six carbon 
atoms, and toluene, which is the same with a CH, group 
hanging on. 

Benzene and toluene are used (under the name of benzol) as 
a motor spirit and all sorts of important chemicals arc made 
from them. Naphthalene (moth balls) has a pair of benzene tings 
fused together; it is made into all sorts of important dyes, as is 
anthracene, with 3 such tings and many other hydrocarbons 
with still more. All these are extracted by distilling coal-tar — a 
process we will talk about later. 

The hydrocarbons we have mentioned ate all colourless or 
white. Some are liquids, some are solids. They mostly burn very 
easily and well with an extremely smoky fiame. 

A group of hydrocarbons which deserve a mention are the 
terpenes from which a great number of perfumes are derived. 
They are all made up of the chain of atoms 
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O-C 

c— c 
\ 

c— 

repeated twice, three times or more with slight variations. 
Turpentine, oil of lemon, eucalyptus, mint, camphor, the per- 
fumes of orange blossom, roses, lilac, bergamot, are all variations 
on this tlieme. Pure oil of lemon (limonene) has the structure 
shown in Fig. 366 and can quite easily be seen to be made up 
of two of these five-carbon chains joined. If this five-carbon 
group is linked up a sufficient number of times, we get that 
extraordinary substance indiarubber, which apparently consists 
entirely of very long tangled chains of carbon and hydrogen atoms 
rather like a pile of spaghetti. When it is stretched, the chains 
are at least partly straightened, when released they go back to 
the old position again. 

Another odd lot of hydrocarbons are the carotenes, the sub- 
stances which make butter and flowers and carrots yellow and 
tomatoes and rose-hips and boiled lobsters redl They have long 
straight chains containing a great many double linkages like that 
in ethylene. The more of these there are in a molecule, the deeper 
as a rule is its colour. Like other hydrocarbons, carotenes do not 
dissolve in water. If you look at any dish containing tomatoes 
and oil or fat, you will notice that the orange red lycopene from 
the tomatoes dissolves in and colours the oil or fint, but not the 
watery part of the dish. 

The hydrocarbons have only carbonandhydrogeninthem. They 
are in a sense the fundamental substances of organic chemistry 
because the organic chemist can make a great many of his com- 
pounds by turning out one or more of the hydrogen atoms and 
putting in other atoms or groups in its place. Thus, we can take 
ethane and instead of one of its hydrogen atoms put a chlorine 
atom or an — OH (hydroxyl) group or, indeed, almost any group 
of atoms which can be linked by a single electron-pair. Thus, 
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we can get ftom ethane the following (though in actual fact there 
are much better ways of making them). 
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So every hydrocarbon (there are thousands known and millions 
possible) provides a host of “derivatives” with molecules having 
the same skeleton of carbon atoms but different groups of atoms 
attached to it. 

One of the simplest classes of derivative are the chloro-com- 
pounds which are hydrocarbons with one, some or all of their 
hydrogen atoms replaced by chlorine atoms. You can make 
them % bubbling chlorine gas through the liquid hydrocarbon 
under the right conditions, but a better way is often to start from 
the hydroxyl compound. 
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Let us glance at a few of these chloro-compounds. They are 
mostly colourless liquids or solids like the hydrocarbons, but 
instead of smelling Uke petrol as do most hydrocarbons, they 
smell like chloroform or have sharp smells which irritate the 
nose. There are a few quite important things among them. 

Giloroform, still used to-day as an anaesthetic in spite of 
the invention of scores of others, is the most important of 
them. It is methane in which three hydrogen atoms have been 
replaced by chlorine. Chlorine and mediane when mixed produce 
it, together with some other similar compounds, but the best way 
to get it is cautiously to warm bleaching powder with water and 
alcohol or acetone. 
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Nobody quite knows why the vapour of chloroform makes a man 
lose consciousness. It is thought that it may dissolve in the fatty 
sheath of the nerves. Ethyl chloride, the formula of which is on 
p. 6o;, is sometimes used as an anaesthetic, and a good many of 
these chloro-compounds act in the same way, but most of them 
are too poisonous to use for this purpose. 

If all the hydrogen atoms in methane are replaced by chlorine 
we get another interesting compound — carbon tetrachloride 
CCI4 which has a variety of uses. It is a clear liquid with a heavy 
smell like that of chloroform. It easily turns into vapour and it 
won’t burn. 

This makes it ideal for fire exdnguishers. When it is thrown 
on a fire, it boils and turns into a heavy vapour which “blankets” 
the fire and prevents oxygen getting to it. It is very good for 
small petrol fires. Petrol floats on water, so it is useless to throw 
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water on a petrol firel Carbon tetrachloride mises with the 
petrol and its vapour puts it out. 

It is very good stuff for cleaning clothes. It dissolves grease 
or oil and unlike petrol it cannot be set alight. Many deaths have 
been caused by cleaning clothes with petrol in front of a fire. 
Carbon tetrachloride is rather poisonous, but for that very reason 
it has proved an enormous blessing to tropical races, for, as 
described on page 973, it has proved to be an almost perfect 
way of killing the hook-worm which lives in their intestines and 
ruins their health. 

Many of these chloro-compounds are useful and familiar to 
chemists, but only one or two teach us in our daily lives. Mustard 
gas (which is not a gas but a liquid) unfortunately may be one of 
these; it contains both chlorine and sulphur. Its formula is: 

H H H H 

.11 II 

Cl— c— c -s— c— c— a 

II II 

H H II H 

and its name is dichlorodiethyl sulphide. It is two molecules 
of ethyl chloride (p. 605) with an atom of sulphur taking the 
place of atoms of hydrogen from each. No one knows exactly 
why the vapour of this liquid will irritate the skin until it rises 
into blisters and sores. It causes great suffering and the sores 
are very slow to heal, but the proportion of recoveries to deaths 
is very much greater than with chlorine or phosgene. 

Poison gas is not entirely warlike in its use. Much loss is 
caused by the roof-beams of old buildings being attacked by 
various wood-boring beetles. These remarkable creatures manage 
to live and increase on a diet of dry wood, and since tliey inhabit 
the tortuous tunnels they have driven in the beams, the only 
way to get at them is to poison them by some vapour, which is 
usually a mild form of poison-gas. The means used to eradicate 
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them from the ancient timbers of the roof of Westminster Hall 
was a spray of a mixture of 
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ALCOHOLS 

The cliloro-compounds are mostly death-dealers — for anses- 
thetics, though agents of mercy, in rather stronger doses are 
poisons. The hydroxy-compounds, with one or more — OH 
groups substituted for the hydrogens of hydrocarbons, ate many 
of them foodstuffs. The chemist calls these compounds alcohols, 
though most of them have little resemblance to the alcohol we 
know. They include such important substances as ordinary 
alcohol, glycerine, starch, sugar, and cellulose. Some of them, 
such as wood-alcohol (methanol) and hydroxy-benzene (carbolic 
acid) arc poisonous, however. 

The organic compounds with the — OH group in them are 
very unlike the hydrocarbons and chloro-compounds. They are 
not oily or waxy substances like petrol or candle grease, but are 
liquids or solids which mostly dissolve or mix easily in water, 
which attracts their — OH group; alcohol, glycerine, sugar and 
gum are examples of this. 

The organic chemist gives the name alcohol to the compounds 
which result when the group of atoms — OH is put in the place of 
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Yeast growinf^ by budding-ofl 
new tells. (By courtesy cjf Pro- 
fessor K. H. Hopkins, The School 
of Brewing and Biochemistry, 
Birmingham.) 



'J'ransmutation of nitrogen into “heavy 
oxygen.” ‘ 



Cloud chamber photograph showing tracks of electrons (curve 
to left) and of positrons. (Jioth by courtesy of Professor P. Ni. S. 
Blackett and \aboi'i\ Messrs. George Bell & Sons, Ltd. [/v/pm'], 
'I 'he It oval Society.) 
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one Of more of the hydrogen atoms in a hydrocarbon molecule. 
Thus the molecule of ordinary alcohol (ethyl alcohol) is that of 
ethane with an — OH group put instead of one H atom. 
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The simplest al^^ohol is meth" ’ ilcohol (methanol, wood spirit) 
wliich is niade in great quantiri s by passing water-gas - carbon 
moiKjxide and hydrogen — comprcsscil to 1,500 to 3,000 lbs. 
per sq. inch over a catalyst of zinc J^romitc kept at 400° C. A 
mixture of alcohols — mainly methyl alcohol — results. As methyl 
r-lcohol is poisonous and undrinkil it pays no duty, so in 
indn.Lry it is used for a’l sorts ot purposes, varnish making, etc., 
wiicrc ‘^spirit’’ was formerly employed. 

Hthyl alcohol is the most famous (.»f chemical substances, 
hvery nadori and tribe, civilised or otherwise, some of the 
... rictest Mahonunedans alone excepted, makes a weak and impure 
mixture of alcohol aii J water in the form of wine, beer, sake or 
the like, and most s ilised peoples distil these and get 
a stronger mixture of alcohol and water — spirits. 

'J"hc way in which the weak mixture is made into pure alcohol 
has already l)cen described (on pp. 557-559), but the process of 
fermentation by which sultry solutions arc turned into alcohol 
is very interesting. All th: various alcoholic drinks in the world 
start from sugar or search, A fruit or sap contains sugar; a seed 
contains starch. Now yeast, a minute single-celled plant rather 
like a bacterium, has the gift of changing sugar into alcohol, but 
will not deal with starch, so if you want to make alcohol from a 
starchy material, you must turn the starch into sugar. This is 
not difficult. If a seed is allowed to sprout, it changes its own 
starch into sugar. When barley is turned into beer, it is soaked 
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and left to sprout. By the time it has just begun to put out its 
spike and roots, it has turned all its reserve starch into a kind of 
sugar, in readiness to feed the young plant. The brewer now 
kills it by drying it and it is called malt. If this malt is boiled 
with water, it gives a weak solution of malt-sugar, which when 
cool enough can be fermented. If the starch is not in the form 
of a seed, it must be turned into sugar otherwise. The Pacific 
islanders sit in a circle and chew their starchy cassava and spit 
it into a big bowl. Saliva contains a digestive “enzyme,” amylase, 
which turns the starch into sugar which can then be fermented. 
The drink is very good, but Europeans feel a little doubtful 
about itl Our civilised method, used when spirit is made from 
potatoes, is to boil these with a little sulphuric acid which is later 
removed by adding chalk. 


ALCOHOUC LIQUORS 


From Sugar 


Liquor 

Source 

Wine 

Grapes 

Oder 

Apples 

Petty 

Pears 

Mead 

Honey 

“Wash” for making Molasses 

into rum 
Koumiss 

Mare’s Milk 


Process 

I Pressing out juice and 
j fermentation. 

) Diluting with water 
J and fermentation 

Adding old koumiss 
(containing the 

yeast) to fresh milk, 
warming and 

bottling.' 


From Starch 

Beet Barley (in some Sprouting, boiling with 

countries other water and fermenta- 

seedsl tion of the liquor. 
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From Starch — continued. 

“Wash” fot making Potatoes into Boiling with acid, re- 
methylated spirit moving acid by 

chalk; fermentation. 

Sak6 Rice Boiling. Treatment 

with a mould and a 
peculiar yeast. Pro- 
duct thinned with 
water & fermented. 


The actual process of fermentation is done by the yeast plant. 
Yeast is a mass of tiny living cells — Plate XXVII shows what it 
looks like under the microscope. Fruit juices will keep for years 
if all yeasts (or bacteria or moulds) are kept out. Bottled fruit 
is a good example. The fruit and water are put in the bottles 
and heated to boiling. This kills all living things and the bottles 
are closed up while still boiling so that no living cell or spore 
can enter. If this has been properly done, they will keep for 
ever. Now if any sugary liquid is bottled up in this way, it 
remains as sugar; but if a cell of yeast enters— often from the 
air — it starts to grow. It buds off other cells and these bud off 
more, so that in a matter of days a single cell becomes a million. 
Men and animals get energy by making the sugar (glucose) in 
their blood and muscles combine with the oxygen of the air 
and make the carbon dioxide, which we breathe out, and water. 
But the yeast plant needs no oxygen and can flourish happily in 
a closed champagne bottlel It gets its energy by breaking glucose 
into alcohol and carbon dioxide, a process which the chemist 
cannot perform at all without the yeast plant’s help. The process 
is rather complicated, at least four intermediate substances being 
produced. 

Each molecule of glucose has six carbon atoms, twelve hydro- 
gen atoms and six oxygen atoms: these are sorted out into two 
alcohol molecules (each with two carbon, one oxygen and six 
hydrogen atoms) and two molecules of carbon dioxide. 
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CH2OH 
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Glucose 
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Alcohol 


The most obvious thing to the eye about fermentation is the 
appearance of vast numbers of bubbles of carbon dioxide. The 
word ‘‘fermentation” means “boiling,” and is taken from this. 
In some stages in the making of beer the froth of carbon dioxide 
bubbles can be very clearly seen. 

Alcohol is chie% used as a drink, and as people want it so 
much that they are willing to pay anything for it, the Government 
taxes it more heavily than any other substance. A pint of the 
purest alcohol costs 27J., the duty on it is no less than i6s. 
As a concession to the manufacturers wh(i do not want to drink 
alcohol but want to use it industrially for various chemical jobs, 
it is sold duty free as methylated spirits, which is a mixture of 
about 85% alcohol with about ti% of water and 4%. of methyl 
alcohol which renders it rather poisonous. The methylated spirit 
sold to the public is even more impure. It contains about 80% 
of alcohol with methyl alcohol, petroleum, bone oil and a blue 
dye which together make it poisonous and evil-tasting. 

When an alcoholic beverage is drunk, the alcohol very quickly 
passes into the blood. It is definitely a food, for the body can 
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oxidise it and use its energy; moreover, it is a food which needs 
no digestion. However, its consumers do not take it as a food. 
Theydrinkitbecauseofitseifectonthenervoussystem. It gives a 
feeling of well-being; worries and cares are forgotten; one’s conver- 
sation and that of one’s friends becomes freer and appears to be 
brilliant; pain vanishes. As intoxication increases, the power to do 
an3rthing accurately or to think clearly disappears. Next, ^e control 
of the muscles goes; the alcoholic may see double because he cannot 
direct his eyes. Heshiggers in his walk and finally collapses. There 
appear to be no permanent ill-effects unless considerable quantities 
of alcohol are drunk, but the chronic soaker usually dies young. 

Alcohol seems to be much the least harmful drug used by the 
human race, which, overwhelmed by cares, is always seeking to 
forget them. Cocaine, opium, hashish, mescal — all have their 
devotees, but alcohol is humanity’s dangerous but sovereign 
remedy for the malady of thought. 

Alcohol dissolves a great many oily and fatty substances which 
water will not. It is therefore used to dissolve perfumes and 
drugs — for this, pure alcohol is needed — and also resins and gums 
to make quick-drying varnishes. It is also made into various chemi- 
cals of which chloroform and acetic acid are the most important. 

Some alcohols have two or three or more hydroxyl groups. 
Glycerine is one of these. 

Glycerine or glycerol as the organic diemist calls it has three 
hydroxyl groups: 

H H 

\ / 

C 

/ \ 

/ OH 

HO— C— H 

\ OH 

\ / 

C 

/ \ 

H H 
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A hydroxyl group has a certain amount of attraction for its 
neighbour in the next molecule: a consequence of which is that 
glycerine molecules hang together, and it has a rather high 
boiling point; since water has also — OH groups, it attracts the 
glycerine molecules and so glycerine mixes easily with 
water. 

Glycerine is a by-product of the soap industry which we will 
talk of later. It has one or two interesting uses. A mixture of 
glycerine and water freezes at a lower temperature than is ever 
likely to be reached in an English winter; consequently, crude 
glycerine is often mixed with the water of the radiator of a car 
to prevent it freezing and so bursting the pipes. Many other 
substances could be used instead of glycerine, but they are all 
either poisonous or expensive or inflammable or corrosive to 
metal. Glycerine has such a high boiling point that it does not 
evaporate, so that anything which is to be kept damp and flexible 
may be treated with it. An interesting use of it is in the making 
of nitroglycerine, the explosive, of which we shall have some- 
thing to say later. 


CARBOHYDRATES 

Sugars and starches are called carbohydrates. They have large 
molecules and many hydroxyl (OH) groups, and so can be called 
alcohols. They are very diffu^t and sometimes impossible to 
make by laboratory methods, but all plant? make starch or sugar 
with consummate ease and we have no real idea how they do it. 
A green plant (white plants like mushrooms can’t do it) takes in 
water by its root and carbon dioxide through its leaves.. Certain 
tiny green bodies called “chloroplasts” contained in the cells of 
the leaf use the energy of the daylight to turn carbon dioxide 
and water into sugar and oxygenl The diagram shows that this is 
quite possible, but to a chemist the process seems amazingly 
unlikely. He has tried to imitate it in his laboratories, but so 
little sugar can be made in this way that a great many chemists 
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are doubtful whether those who claim to have made a few grains 
of it from carbon dioxide and water are not mistaken. 
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Six carbon dioxide 
molecules and six 
water molecules 


CH,Ofl 



H OH 

One glucose molecule 

light O — O 

-f- O — O 

energy O — O 

0—0 
0—0 
0—0 
and six 
oxygen 
molecules 


The green pigment “chlorophyll” can easily be dissolved out 
of leaves by soaldng them in alcohol. It is a mixture of two sub- 
stances, chlorophyll-^ and chlorophyll-^; we know how the 
molecules of these are built up, but this disappointingly tells us 
nothing about the way it makes sugar. It is generally believed 
that chlorophyll outside the leaf won’t make any sugar for us; 
if so, the mysterious living proteins contained in the cliloro- 
plast have a ^ger in the pie. If we could once find out how the 
leaf makes sugar and starch, we could make much of our food 
without the trouble of growing it. But I am afraid the problem 
is not likely to be solved till we know rather more about the 
proteins. 

There are doxens of different sweet substances with molecules 
much like that of glucose; to these we give the general name 
of sugars. 

Glucose is easily made from starch by boiling it with adds. It 
is the perfect energy-giving food, because it needs no digestion 
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but passes straight into the blood 
where it is needed. It is much used 
as a cane-sugar substitute in jams, 
sweets, etc. Now that it can be 
made in a very pure condition, there 
is no reason at all against its use as 
a food. Honey is chiefly glucose. 

Vructose is a sugar contained in 
fruits; it is even mote easily digested 
than glucose. Dahlia tubers and 
Jerusalem artichokes contain a sort 
of starch called inulin which breaks 
down into fructose. This breaking 
down is not easily accomplished by 
the human digestive organs, so inulin is not easily utilised as food. 

These are the two simplest sugars. Three rather important 
sugars have molecules rather like two glucose molecules hitched 
together. They are cane-sugar or sucrose, of which the world 
yearly eats 22,000,000 tons; maltose, the sugar in malt; and lactose, 
the sugar in milk. The last two need only just be mentioned as 
examples of sugars other than cane-sugar. The ordinary sugar 
we buy in blue packets at 2^d. a lb. has a complicated molecule. 



Fig. 367, — The molecule of 
glucose. (Courtesy of 
Messrs. Edward Arnold and 
Prof. Haworth, from the 
latter’s Constitution of the 
Sugars^ 


i{ 



It is so difficult to make it artiflcially that, though one Frenchman 
did it a few years ago, many expert chemists have been unable to 
repeat his experiments and feel in some doubt about the matter. 
Sugar is made chiefly from the juices of the sugar-cane and the 
sugar beet. Cane-sugar and beet-sugar are preciseiy the same 
stuff; if they taste at all different it is only because some impurities 
are left in them. There is not space in this book to describe more 
th^ one way of making sugar; as the sugar beet is the mote 
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familiar plant, we will describe the 
way it is made into sugar. Anyone 
can taste the sugar in an ordinary 
beetroot. By years of breeding and 
selection, a race of beetroot has been 
evolved which is white and contains 
up to 20% of sugar. Fields of 
sugar beet ate now a common sight 
in England as ate the piles of roots 
waiting to be taken to the factories. 

Fig. 369 shows a sugar-beet, like 
all plant tissues it is made of tiny 
compartments or cells (Chapter 
XLI), each of which is distended 
with a sweet sap containing two 
pounds or so of sugar to the gallon. But those cells also contain 
slimy substances with big molecules, “pectins,” which would 
make it difficult to crystallise the sugar from the juice. 

The manufacturer’s problem is to get the sugar out of the cell 
and leave the pectins behind. He does this by taking advantage 
of the fact that sugar molecules, though large, are small enough 
to pass through the pores of the membrane round the cell; the 
pectins cannot pass through. Accordingly, he cuts his beetroot 
into “cossettes” like so much vermicelli and lets them soak in 
many changes of water. The sugar diffuses out of the cells into 
the water and the manufacturer has now only to decolourise the 
solution with charcoal (p. 389) and evaporate o£F most of the 
water in order to get the sugar to appear as crystals. 

Starch is one of the most important foods; indeed, it is the 
chief food of man. Wheat, potatoes, rice, sago, tapioca are mainly 
starch together with some nitrogen compounds which greatly 
increase their food value. Starch has a big molecule made up of 
some twenty glucose molecules all linked together in the same 
sort of way as the two halves of the sugar molecule on p. 616. 
When it is digested (or boiled with acids) these molecules come 
apart and first malt-sugar and finally glucose are produced. Starch 



Fig. 569. — A sugar-beet. 
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is the substance which most plants store up for future consumption. 
The starch in wheat is put there to nourish the young wheat 
plant; in the tuber of the potato it is ready to push the next year’s 
plant into rapid growth. Most large deshy roots like carrots, 
parsnips, beet, artichokes, etc., are plant storehouses full of 
su^r, starch or inulin. The starch is stored as tiny granules 
which, greatly swollen, are easily visible in a boiled potato. If 
these granules are boiled a slimy solution results — called starch- 
paste — much used for pasting up wall-paper, stiffening linen, 
coating paper, etc. Gums are probably not unlike starch but 
derived from other and simpler kinds of sugar. 

We have seen that twenty or so molecules of glucose can link 
together into a big molecule of sterch. The plant can do better 
than this, for it makes its strong framework of fibre out of 
cellulose which has a huge threadlike molecule of about 200 



Fig. yjo , — ^Four **uiiits*^ — about a fiftieth — of a cellulose molecule, 
represented about so, 000,000 times natural size. The whole 
molecule represented on this scale would be ten feet long, 

glucose molecules hitched end to end. Paper, linen, string, jute, 
coconut fibre, wood, all owe their strength to cellulose. Figure 370 
gives some idea of about a fiftieth part of its long threadlike 
molecixle, which may be about 2000 A.U. (one five-thousandth of 
a millimetre) long and only about 7.5 A.U. wide. The actual 
fibres you see with a microscope (Plate XXXVIII) are bundles of 
these tiny microscopic fibres held together by the attraction of 
their many — OH groups. This makes a cellulose fibre little less 
strong than a steel wire, for to pull its tiny fibres apart one must 
overcome the attraction of countless millions of molecules for 
each other. 
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The uses of cellulose fibtes are countless. They are beaten and 
torn into little bits and felted together to make paper. They are 
twisted into cotton or linen yarn and spun into cloth, an industry 
the importance of which may be measured by the fact that 
Great Britain alone exports some £140,000,000 worth of cotton 
goods every year. But as chemistry is chiefly concerning us 
now, we must say something about the new way of using cellulose 
by turning it into artificial silk. There are at least four ways 
of doing this. All of them depend on dissolving the cellulose 
in something to make a sticky solution and dravnng this out 
into very fine threads which are smooth and brilliant like silk 
threads. Real silk is entirely different chemically, for it is a 
compound of carbon, hydrogen, oxygen and nitrogen atoms. 
Cellulose contains no nitrogen and the likeness between real 
and artificial silk is simply that both are made of-fine smooth 
transparent fibres like tiny threads of glass. Cotton and linen 
fibres are flat and twisted and so look entirely different when 
woven. 

Most of the world’s artificial silk is made by the Viscose 
process which has the merit of great cheapness, though other 
processes are considered to produce a finer product. The starting 
material is bleached wood-pulp. It is soaked in 17% caustic soda 
solution and after some hours treated with the evil-smelling 
volatile liquid bisulphide of carbon. The result is a orange- 
coloured gelatinous mass, which can be dissolved in caustic soda 
solution, so forming a thick viscous solution of cellulose. This is 
spun by forcing it through very fine jets into a solution of dilute 
acid. The acid neutralises the caustic soda and so turns the 
issuing viscous liquid back to solid cellulose. This is treated to 
remove traces of sulphur, bleached, washed, and spuir into yarn. 

The true carbon ring compounds (the sugar ring has an oxygen 
atom in it) include several important hydroxy-compounds. 

Phenol (carbolic acid) is benzene with a hydrogen atom re- 
placed by an OH group. The developer hydroquinone has two 
hydroxyl groups instead of one and pyrogallol (“pyro”) has 
three. These developers work by taking oxygen from the water. 
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leaving hydrogen which turns the silver bromide into hydrogen 
bromide and silver. 

G)al-tar contains much of the hydroxy-compounds, phenol and 
cresol, which are very tiseful disinfectants, and this is perhaps a 
good place to say something about the way coal-tar is made into a 
number of usefiil things. Tar, you will remember, is the stuff 
which condenses out of coal gas. It is a black strongly smelling 
liquid containing a great number of different things. All large 
gasworks distil their tar and turn it into: 

(1) Benzene and toluene, used as motor spirit and for making 
dyes and drugs. 

(2) Creosote (containing cresols and phenol), used for preserv- 
ing wood and for making disinfectants. 

(3) Naphthalene^ used as a soil disinfectant and as a source of 
dyes. 

(4) Anthracene^ used to make dyes. 

(j) Vitchy used for making roads. 

The table on p. 621 will give some notion of the kind of sub- 
stances which can be made from it. If it is added that a recent 
list of dyes contains 11,000 items almost all made from coal-tar, 
the importance of the industry may be even more apparent. 
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ALDEHYDES AND KETONES 

We have not space even to discuss all the most important 
ffoups of organic compounds. The aldehydes and ketones will 
have to pass with a very brief mention. Ketones have one 
oxygen atom put instead of the two hydrogen atoms on a carbon 
atom in the middle of a chain; aldehydes have the oxygen atom 
in place of two of the hydrogen atoms on a carbon atom at the 
end of a chain. The only familiar ketone is acetone, which has 
already been mentioned as a solvent for acetylene. Its molecule 
is 


II O H 

I II I 

H— C— C— C— H 

I I 

H H 


It is a very useful solvent, for if dissolves much the same things 
as alcohol; it is cheap and pays no duty, it has only a slight 
and rather pleasant smell and it is volatile, boiling at j6° C., and 
so is easily removed by evaporation. It is made by distilling 
calcium acetate, made from lime and crude acetic acid. 

One of the aldehydes is perhaps more familiar. The simplest 
one, formaldehyde, has a very simple mole(.>jle indeed 


O 


II 

H-O— H 


It is made by passing the vapoxir of methyl alcohol mixed with 
air over hot copper or pladnum. 
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H— C— OH HO— C— H H-C =0 + 0 *=C— H 

I +0-0+ _ 1 

H ■ H" i + H— OH + H— OH 

Methyl alcohol and oxygen give formaldehyde and water 


It is a gas — ^probably because its molecule is so small — and it is 
sold as formalin, a 40% solution in water. It is a- curious sub- 
stance. First of all it has a hardening effect on proteins — 
animal tissues. No one quite knows how it works, but a piece of 
meat or gelatin soaked in it becomes tough and leathery and will 
not decay. Bodies for dissection are stored in formalin. It is a 
useful disinfectant probably for the same reason; it combines 
with the living protein of bacteria and renders it incapable of the 
reactions which must accompany life. But the most important 
use of formaldehyde is. in making what are called “plastics” — 
strong and tough substances* which can be moulded into any 
shape. The most familiar is bakelite — so much used for wireless- 
set cabinets, electric light fittings, etc. It is made from formal- 
dehyde and phenol (carbolic acid), whose molecule is shown 
on p. 605 . These link up when heated into meshworks of “phenol 
ring-molecules” joined by formaldehyde “link-molecules.” After 
a certain amount of heating, a material rather like sealing-wax is 
obtained, the molecules of which are not too big to melt. This 
can be softened, moulded into electric light fittings, cigarette 
holders, fountain-pens and a thousand other articles. These are 
then heated in the moulds. The process of linking up continues 
in the mould, and a hard, strong object, quite unsoftened by 
heat, finally results. It is this power of being able to mould 
bakelite and then harden it, which makes it so useful. Sometimes 
a sandwich of alternate layers of bakelite and paper is used. 
The paper is invisible within the finished article, but its fibres 
make die bakelite very tough. Many substances can be used 
instead of phenol. Some of them yield transparent or translucent 
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materials — familiar as the bright coloured unbreakable cups wd 
plates we can buy so cheaply. 

Many aldehydes have very powerful smells. Worth mentioning 
is acrolein which gives the irritating smell to burnt hit. Fat 
contains glycerine. 
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and this turns into acrolein and water when heated. Pure acrolein 
has a really appalling smelll 

Benzaldehyde is oil of bitter almonds, cinnamaldehyde is oil of 
cinnamon; they have rather similar molecules: — 
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ORGANIC ACIDS 


Organic acids ate an important class: almost all of them 
contain the group of atoms 
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Almost the simplest is acetic acid, which is theacidinvinegat. 
It is made in great quantities — ^first, as vinegar: secondly, for 
making into acetone. Vinegar, in England, is made by “souring” 
a malt liquor like beer: abroad, by souring wine. This “souring” 
is simply changing alcohol and oxygen from the air into acetic 
acid and water. This is not difficult to do in the laboratory: but 
on the factory scale, we employ a fungus mcoderma aceti to do it 
for us. 

This lowly creature gets its energy by turning oxygen and 
alcohol to acetic acid, much as yeast gets its energy by turning 


sugar into alcohol and carbon dioxide 
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Alcohol and oxygen give acetic add 

and water. 


Vinegar made in this way is not only sour, but also has a 
pleasant aroma. Commercial acetic add, used for making 
chemicals, is made in a much cheaper way — by distilling wood, 
much in the same way as coal is distilled to make gas. 

Wood is chiefly cellulose. When cellulose (p. 6i8) is heated 
it changes into a variety of different molecules. The carbon, 
hydrogen and oxygen atoms re-sort themselves and a dense 
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choking wood-smoke comes ofF. When this is cooled it gives a 
liquid which on standing separates into a brown watery liquid, 
chiefly a weak solution of acetic acid (5-10%), and a brown oily 
tar which sinks to the bottom. Much gas, chiefly methane, 
passes on and is sometimes used for heating. In the retort there 
remains charcoal. The acetic acid can be recovered by re-distilling 
the liquid, for it boib at a temperature about 20° C. higher than 
the boiling point of water. Acetic acid, when pure, freezes at 
15® C., so that it is liquid in summer, but in winter freezes to a 
substance which looks like ice. 


ESTERS 


A combination of an alcohol and an acid is called an ester. 
Thus, if we boil ordinary alcohol with acetic acid (a little of any 
strong acid helps things on) and then distil the mixture we get a 
fruity-smelling liquid called ethyl acetate 
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ethyl acetate and water. 


These esters made from alcohols and acids usually have fruity 
or flowery smells, and are used to make flavouriogs and perfumes 



Carbon the Ufe^r 627 

that have never been near a plant. Thus a recipe for pear essence 
runs: 

Amyl acetate 200 parts 

Ethyl nitrite 100 „ 

Ethyl acetate jo „ 

Alcohol 645 „ 

The first of the above, amyl acetate, is familiar nowadays. It 
has a most powerful odour of pear-drops — or, as some think, of 
bananas. Amyl alcohol differs from ordinary alcohol in having a 
5 -carbon atom chain instead of a 2-carbon chain: It is a cheap 
substance, for in making ordinary alcohol by fermentation, a 
little amyl alcohol is made, too, and is separated in the distillation. 
From this and acetic add this powerfully smelling liquid is made. 
The flavouring of sweets is the least of its uses, for it dissolves 
celluloid, giving a sticky liquid used for patching films, and also 
dissolves cellulose acetate and gives the numerous cellulose 
paints which are so popular. The cellulose paint is hard and not 
at all easily damaged by heat or grease or petrol. It is very easy for 
the amateur to use because it leaves a smooth surface without 
brushmarks. 

Other esters you may meet with are artifidal jasmine and 
orange-blossom scents and the “pineapple” tear-gas, but the most 
important esters are the oils and fats. 


OILS AKD FATS 

The adds with a — C — OH group tacked on to a long chain 

II 

O 

of — CH2 — groups are very important because they are the 
chief thing in animal and vegetable oils, fats and waxes. One has 
only to mention butter, lard, tallow, suet, olive oil, linseed oil, to 
remind oneself of the vast industry built up on these. Oils and 
fats are combinations of glycerol with a long-chain add. Ail 
natural fats are mixtures of several molecules, but as a fair 
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specimen we may take the fat “tristearin” found in beef suet. 
Glycerol is 
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and stearic add is 
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They combine by their two — OH groups giving out H^O and 
linking up. So a typical fat molecule is a bunch of three long 
threads thus: 



Fro. J7I. — ^The molecule of the &t tristeaxin. 
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This is obviously the sort of molecule that will not pack nicely 
into a crystal — so &ts usually solidify to a confused muddle of 
small crystals, usually long and thread-like. Fats do not dissolve 
in water for the long chains have less attraction for water mole- 
cules than these have for each other (p. 81). 

We should be hard put to it to make fits without the help of 
animals or plants— -it could be done but the material would be 
impossibly expensive. Fat and oil ate storage materials which 
both animals and plants put by for a rainy day. Plants, more often, 
link up their spare sugar molecules into starch molecules, but 
sometimes, by a truly remarkable piece of chemistry, they turn 
them into fats. Animals store almost all their reserves as fat. 
To obtain these fats and oils ftom animals and plants is simple. 
We squeeze oils out of things with a powerful hydraulic press 
(Fig. no, p. 20 j). Seeds and nut kernels are our chief sources of 
oils. Fats can usually be got by mincing the crude fat and boiling 
it. The fat floats to the surface while the membranes and so on 
sink. Another way of obtaining fat is to dissolve it out with some 
solvent like petrol. 

Oils and fats are used 

(1) For food. 

(2) For soap-making. 

(3) For lubricating. 

Most foods contain some fat. The foods which are nearly all 
fat are butter, margarine, and lard — ^to which, in many cotmtries, 
should be added olive oil. Lard is pig-fat, best the fat which 
surrounds the kidneys. The less chemistry has to do with it, the 
better. Butter and margarine, however, raise some interesting 
problems. 

Milk as we have seen is a watery solution of a protein, casein, 
and a sugar, lactose, and a little salt in which is suspended about 
4% of fat in very small droplets. The fat droplets in milk are 
separated from each other by the watery liquid. In making milk 
into butter we agitate the milk so violently that a fine froth of air 
and milk is produced. Now, it is the casein in the milk — a sort of 
gluey material which gives the firm consistency to cheese— 
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which by forming a layer round the fat globules, keeps them 
separate. But this casein is attracted to the surface of an air- 
bubble more vigorously than to the surface of a fat globule. 
Churning therefore takes away the protecting casein layer and the 
fat globules meet and stick together. But however much they are 
squeezed, they still enclose some water globules, and so butter 
is an emulsion of water drops in fat, as milk is an emulsion of fat- 
drops in water. If you have ever fried anything in butter, you will 
realise how much water it contains. 

We have bred cows to give incredible quantities of milk. 
A champion milker has Qvtn its am weight of milk in 10 d<ys. 
None the less, milk contains only four or five per cent, of fat, so 
butter remains expensive. Naturally, there has been a great deal 
of money spent and made over margarine — a butter substitute. 

Much of the taste of butter is due to its being an emulsion, so 
margarine is an emulsion of a watery liquid in some edible fat 
flavoured and coloured to look like butter. 

Margarine is usually made from a mixture of fats and oils 
emulsified with milk. Coconut oil, palmkernel oil, beef fat, 
hydrogenated oil can all be used. The last is an interesting 
product. Many nutritious oils — such as fish oils — have a most 
unpleasant taste and cannot be. used as food. If they are heated 
with a little finely divided nickel-powder and hydrogen gas is 
passed through them, they combine with the hydrogen and form 
odourless and tasteless fats. The nickel is removed by filtration. 
Whatever oils or fats are used must be most carefully refined and 
purified. The oil and fat are first churned with slightly soured 
skinuned milk to a thick emulsion of droplets of skim milk in 
melted fat. The emulsion is then run on to metal tollers kept 
freezing cold by brine circulating within them. The emulsion 
sets solid and is worked by kneading and rolling till it is of the 
correct buttery consistency. Margarine need be no less nutritious 
than butter, but it may well be less digestible and commonly 
contain a far smaller proportion of vitamins (p. 875). 

The second great use for oils and fats is in making soap. 
Soap is the sodium salt of the long-chain acids, which in fats and 



Carbon the U/e^per 651 

oils are combined widi glycerine. So, the fat is first split into 
glycerine and these acids, which, by the way, are su^ weak 
acids that you would not realise that they were acids at all. The 
splitting up of the fat-molecule can be performed in several ways; 
a usual method is to add a little lime and heat the fat With high- 
pressure steam in closed boilers. The fetty adds form an oily 
layer floating on the watery layer containing the glycerine. The 
melted acids are run into boiling caustic soda solution and form 
soap. This is mixed with perfume and colour (for toilet soaps) or 
soda (household soaps), cooled to set it, partly dried and stamped 
into bars or tablets. This is only one of half a dozen possible 
ways of making soap from fat or oil, and caustic soda. The 
peculiar behaviour of soap is partly due to the odd shape of 
its molecule, of which a diagram appears in Fig. 35, p. 93. 
The reason why it is so effective in cleaning things is because 
it lowers the surface tension of water. 'Ihis makes it possible 
for water to wet greasy surfaces and so carry away the grease 
and dirt together. Thus, a soap solution is the only thing which 
will remove both greasy and sticky matter. 

Waxes are esters like fats and usually have very long molecules. 
Thc^ are harder than fats and do not melt so easily: this makes 
them suitable for polishes. They are mostly produced by insects. 
Paraffin wax is not a true wax at all but a hydrocarbon. 

The organic compounds we have discussed contain only 
carbon, hydrogen and oxygen, but many very important ones 
contain nitrogen as well. 


ORGANIC NITROGEN COMPOUNDS 

Nitrogen in an organic compound usually occurs as the group 
of atoms — NHj or — NOj or — N =N— , though of course plenty 
of other groupings are known. The — NHj compounds are 
called amines or amino-compounds. There are many of them, 
but we need perhaps only notice a few compounds which are 
vital to man and every living creature. These are the amino- 
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adds. Suppose in acetic add you put a — NHg gtoup instead of 
one hydrogen atom, you would get the simplest amino-add 

li HO 

\ I II 

N — C — C — OH glydne by name. 

/ I 

H H 

Now the compounds which we would, above all, like to 
understand are those of which our blood, body and brains are 
made, and without which no life at all can take place. These are 
the proteins. As examples, we may take albumen, of which white 
of egg is a solution, or keratin, which makes our hair and finger- 
nails, or hicmoglobin, the red pigment of our blood, or casein, 
the curd of milk. We should understand quite a bit more about 
life if we could make models of these molecules which are 
essential to life. WeU, much work has been done on them. We 
have a fiur Idea as to their size. The smaller ones may be about 
two thousand times as heavy and bulky as a water molecule. 
They are very difficult to purify because they do not evaporate, 
and most of them will not crystallise. What we do know about 
them is that when we break them up into simpler substances we 
finally get little, if anything, else than a collection of amino-acids, 
which all have a molecule like this: 

H HO 

\ I II 

N—C— C— OH 

/ 

H 



in which R may be anything from a hydrogen atom to a big 
group like 
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About twenty different amino-acids can be made from pro- 
teins. Now, amino acids link together in pairs like this: 


H*N _ HaN r 

\ / \ / 

C C 

H NHa-l-HO-C^ H NH— C'^ 




^ ^COH 

II 

O 



II \ / II 
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C.OH -}-HOn 
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and the molecule you get is sti/J an amino-add which can link up 
to another thing like itself. When a dozen or so amino-add's have 
been linked together like this, the stuff you make is very like the 
things you obtain when you partly split up proteins by very care- 
ful digestion. 

A protein molecule then probably consists of long chains of 
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atoms linked thus: . . . CO— CH— NH— CO— CH— NH . . . 



etc. Thete are probably many of these chains linked together by 
a sort of loose attraction. The following 
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Magnified about thirty million times. 

has been given as a reasonable arrangement for a protein mole- 
cule, the R*s being various big groups of atoms which in the 
scheme are supposed to stand out above and below the network 
rather like the brisdes of a hair brush! 

Ordinary chemical methods are not very much use in dealing 
with molecules like proteins. We have only a hint or two about 
the way their molecules are arranged, and at present we have no 
technique by which we might follow these up. 

The method of crystal analysis by X-rays has very recendy 
been applied to a few of the proteins that crystallise, and has given 
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us a few valuable pieces of information of the very type that 
chemistry is least able to supply. Chemistry can tell us what are 
the bits from which the huge protein molecules are built up: 
X-ray analysis can tell us the outline or general pattern on which 
they are put together: the detailed arrangement — exactly where 
each bit goes — ^is still unknown to us. 


NITROCXOIPOUNDS 

The compounds containing the group — ^NOj are a very 
different lot. They are chiefly dyes and explosives. There are two 

.0 

kinds of — NOj groups. One is — O — ^N= 0 , the other - 

\o 

In either case the things containing two or three -of them are 
likely to be explosive. The reason is that these oxygen atoms 
are only loosely hung to the nitrogen atom, and when heated or 
violently shaken can get round the corner, when the carbon and 
hydrogen of the compound can burn in its own oxygen. 

Look at the formula of the famous explosive **T.N.T/* 
tiixilLrotoluene. 

H 

I 

O H— C— H O 

II I II 

N C N 

/ \ / \/ \ 
o c c o 

II I 

HC CH 

\ / 
c 
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N 

/ \ 
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Give that molecule a violent shock and the oxygen atoms will 
switch round to the carbon atoms and become carton monoxide, 
the nitrogen atoms will appear as nitrogen gas and the test of the 
atoms perhaps as methane. At any rate, a pound and a half of 
T.N.T. turns almost instantaneously into a pound and a half 
of white hot gasl 

Now, a pound and half of T.N.T. occupies, say, a pint. So the 
gas from the explosive for a moment occupies a pint also. But a 
pound and half of these gases when cold at atmospheric pressure 
occupies 3,600 pints, and at a white heat they wotild occupy about 
18,000 pints. So if they are compressed into one pint, they 
exert a pressure of at least 18,000 atmospheres or nearly zoo tons 
to the square inchl No wonder the shell bursts and a devastatingly 
powerful compression wave of gas wrecks everything close by. 
Nearly all the best explosives are nitrogen compounds. 

The chief merits of an explosive are power and safety. For 
blasting work, a rather slow acting explosive which rends the 
rock is preferred to a very rapid one which shatters it. Safety 
is ensvured by having an explosive which will burn without 
exploding and which can be struck without exploding. The 
explosives which come best out of these tests are the military 
explosives like T.N.T. which have to stand the shock of being 
fired from a gun in a shell. A shell full of T.N.T., provided it has 
no detonator, can cheerfully be thrown out of a top window. 
In France, in the war of I9i4-i9i8,it was a common sight to see 

an unexploded shell bedded 
in a road with lorries and 
tanks driving over it. The 
safest of all e:q)losives is 
probably ammonal — 
ammonium nitrate and 
aluminitun powder. 

Fig. }7».— a detonator. An el^ttic cur- If you can’t explodc these 
rent heats the wire bndge and fires the , , : . , «• « . 

plug of gun-cotton. This ignites the ful- by hitting them ot lighting 
minate, the small but very sudden ex- them — ^how can VOU do it? 
plosion of which causes the main body of ^ . « 

explosive to detonate. The answer is: Give them a 



Guncotton 1 

fufminatB « 

Explosive 
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violent shock by exploding a detonator containing about a gram 
of a sensitive shattering explosive like metcuryfudminate or lead 
azide. 

Figure 372 shows the arrangements for exploding a blasting- 
charge. 

Nitroglycerine is an oily liquid with the formula. 


H 

I yO 

H— C— O— NC 

No 

H— C— O— 

1 No 

H— C— O-N^ 

I V) 

H 


and so has a good supply of oxygen ready at a moment^s notice to 
burn up the carbon and hydrogen into gases. It is rather danger- 
ously sensitive however. Dynamite is nitroglycerine soaked up 
in a sort of porous earth or better wood-pulp: it is safer than the 
pure liquid because it cannot be spilt. 


DYES 

One of the greatest feats of organic chemistry has been to 
provide the world with thousands of cheap, brilliant and beautiful 
dyes. Before, say, 1856, when Perkin discovered mauve, the 
first of the coal-tar colours, some of the shades we get to-day 
could not be dyed at all, and most of them could oidy be got 
by boiling the cloth in a very carefully adjusted mixture of 
dyes. For reds, they had cochineal and madder, for blue, indigo 
and a few dyes made from lichens. For yellows and greens there 
were a few good plant dyes. These colours were very good ones. 
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but dieit variety was small and many of them fiuled badly. The 
organic chemist has now worked out pretty well the sort of 
combinations of atoms which give dyes, brightly coloured 
substances, which will stick firmly to the fibre of cotton, wool or 
silk or all of these. 

O 

/ 

He finds that the groups of atoms — N , — =N — , — C — 

\ II 

O O 

— C=C — and some others, particularly when several rimes 
repeated in a molecule, make it coloured. A ring skeleton of 
carbon atoms also helps. If, in addition to these we have an 
— OH or — NHj group, it will probably be a dye. Here is one of 
the simplest dyes known as picric acid, 

OH 

I 

C 

/ \ 

O^.C C.NO, 

I II 

HC CH 

\/ 

C 

I 

NO, 

made from phenol and nitric add. It dyes silk and wool a fine 

O 

/ 

yellow. Its colour is chiefly due to the — N groups. 

\ 

O 

Here is another, malachite green, which owes its colour chiefly 
to its altenurion of = 0 — C=C — C= groups. 
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Indigo (p. 59j) has several of 

\/ 

these groups. It is interesting to 

N 

note by the way that the red 

1 

colouring matter in a carrot 

C 

(p. 602) is not a dye. It is 

/ \ 

brilliantly coloured but has no 

: CH 

— OH or — NH, group to stick 

1 II 

it to the fibre. 


CH 

\ / H H 
C C=C 

I / \ 

C— C CH 

II \ / 

c c— c 

/ \ H H 
HC CH 


The process of dyeing is not 
merely soaking the fabric in a 
solution of the dye. If this is all 
that is done, most of the colour 
washes out again. 

There are three chief ways of 
dyeing, direct dyeirig, mordant 
dyeing and vat dyeing. The first 
is the one practised in the home 
II II with the dyes we buy in packets. 

HC CH The other two require a good 

\ / deal of skill, and are cWefly 

C done in the fiictory. The usual 

II way of dyeing is to boil the dye 

N — Cl wi^ water, and often a little 

/X acid or alkali, and lower the 

CH3 CH3 damp material into it. It is boiled 

and stirred for half an hour or 
so and very often salt is put in which has the effect of driving the dye 
out of the solution on to the fibre. When fabric has been well dyed 
like this, no amount of washing will remove the colour, and the dye 
molecules are pretty certainly actually combined with the fibre 
molecules. Silk and wool are much more easily dyed than cotton. 

Mordant dyeing is a very ancient practice which goes back 
certainly as far as the Greeks. If you try to dye a piece of wool 
with a solution of cochineal, it is coloured red or pink, but the 
colour all washes out again; but if the wool is first soaked with 
chloride of tin and oxalic acid and then dyed with cochineal it is 
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dyed a beautiful fiery scarlet. The dye sticks to the tin compounds 
and these stick to the fibre, and no amount of washing will remove it. 

The most ancient dyes known ate on some of the mummy 
wrappings, etc. from Egypt. In the British Museum, you can see 
Egyptian cloth dyed with indigo and still unfaded after 4,000 years. 

Indigo is a “vat-dye.” It is quite insoluble in water, so it is 
hopeless to try and make a solution of it in which to boil the 
cloth. So the trick is to remove some of the oxygen from the 
indigo and so turn it into a colourless substance, indigo-white, 
which dissolves in water. The cloth is soaked in this and comes 
out white or yellowish. It is then hung up in the air. The 
oxygen of the air turns the indigo-white soaked up in the fibres 
back into indigo, and the cloth turns blue as you watch iti The 
ancient way of doing this was to cut down the indigo plant 
(woad was a sort of indigo plant), and let it ferment in tanks of 
water. The fermentation removed the oxygen, and the vat 
contained a crude solution of indigo- whitel The modern way is to 
use various chemicals to remove the oxygen. 

ALKALOIDS 

There is a curious group of drugs and poisons mostly ex- 
tracted from the plants, called the al^oids. They all have rings 
of carbon atoms with a nitrogen atom interposed. They have 
very powerful effects upon the nerves and are mostly very 
poisonous. It is not very clear why they exist in the plant. 
Perhaps they prevent animals from eating them or perhaps they 
are just waste products. A short list shows how important they are. 
Alkaloid "Plant Source Used for 

Nicotine Tobacco Poisoning plant pests. 

Atropine Deadly Nightshade Dilating the pupil of the eye. 

Hyosdne Henbane Causing unconsciousness or 

sleep. 

Cocaine Coca-plant Numbing the nerves locally. 

Quinine Qnchona-bark Destroying the malaria 

parasite. 

Em etine Ipecacuanha Curing dysentery. 
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Alkalmd Plant Source Used for 

Motphine Opium-poppy Dulling pain. 

Codeine „ Preventing coughing, etc. 

Strychnine Strychnos bean Stimiilant and tonic. Also 

destroying vermin. 

Aconitine Monk’s-hood Local anaesthetic. 


They are all very poisonous — except quinine. A medicinal 
dose of atropine is a^ut a quarter of a milligram of a 

grain), while one five-hundredth of a gram of aconitine has been 
known to kill a man. All of them have very complicated mole- 
cules. The formula of nicotine (left) is quite a simple example: 
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that of strychnine (right) about as complicated as any. 

This glance over the organic compounds is very sketchy. 
A mere incomplete list of organic compounds, devoting only one 
or two lines to each, fills five volumes of 1,500 to 1,800 large 
pages. Every month, hundreds of new ones are discovered. 
This little account has hardly glanced at them. Let us end it by 
thanking the organic chemist for almost all the drugs the doctor 
uses. Most of them he has invented. Some, like opium, which 
has been known for centuries, he has converted from tmreliable 


and variable mixtures to pure drugs of exactly known strength. But 
the majority of modem drugs he has created. After the doctor, the 
organic chemist has done more for human health than an yone else. 


ax 



CHAPTER XXIV 


Nitrogen the Food-giver 


NITROGEN AS FERTILISER 


W E live in a vast sea of gas of which four-fifths is nitrogen. 

For some not very obvious reason, nitrogen at ordinary 
temperatures is very inert and combines with almost nothing. 
The nitrogen of the air remains unchanged and inactive except 
when a lightning flash makes a stretch of air white-hot. Then, a 
litde nitrogen and oxygen combine and with the water of rain 
make nitric add. This soaks into the soil and all soils contain 
a little combined nitrogen in this form. The world, then, has 
in the air a vast supply of free nitrogen mokcuks. It has also a 
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Fig. 373. — ^The carbon circulation. Plants take carbon 
from the carbon dioxide in the air. Animals eat the 
plants and return the carbon dioxide to the air vta their 
lungs. Water supplies the necessary hydrc^en and 
oxygen for organic compounds and the sun supplies the 
energy to build them up. 
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vase demand for nitrogen combined with other elements; this it 
requires for two chief purposes first, to fertilise the soil, secondly, 
to make dyes, explosives and drugs. 

First of all let us look at the fertiliser question. For centuries 
men farmed the ground. They grew crops — ^wheat, hay, cabbages, 
etc. — ^and they and their horses and cows and pigs ate them. The 
crops contained sugar and starch and proteins — or putting it 
more simply, carbon, hydrogen, oxygen, nitrogen and phosphorus 
atoms. The crops took carbon dioxide from the air, and water 
from the rain, and light from the sun, and built these into sugar 
and starch and cellulose. When men and animals ate the crops, 
they breathed out the carbon dioxide and water into the air once 
more. Girbon, hydrogen and oxygen circulated everlastingly 
through air and plant and animal by the motive force of the 
blessed sun. Nothing was lost except when plants or animals 
were buried, and even then the loss was small and in course of 
aeons would be restored. You may call a halt here and ask what 
happened to the plants that were not eaten. All plants are eaten! 
If they are not eaten by an animal, they die and rot, or, in other 
words, are eaten by bacteria and turned to carbon dioxide and 
water in just the same way 



nitrogea-'rich ezetetions ate tetuined to the soil once 
mote. 
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The ait contains a very latge margin of carbon dioxide and 
man is alwa3rs adding to it by bviming coal and oil. It is not 
likely that food could fail for lack of carbon, but It is far other- 
wise with two of the essential food-elements, nitrogen and 
phosphorus. With a very few exceptions, plants cannot use the 
inert nitrogen in the air. When man is not disturbing the ancient 
equilibrium, thunderstorms and nitogen-fixing bacteria in the 
soil alone supply a minute pittance of nitrates to the ground. 
The rootlets of the plants, say grass, seek them out and cunningly 
combine their nitrogen into protein molecules. A rabbit eats the 
grass. He turns the plant proteins into rabbit proteins. All the 
nitrogen he does not assimilate he returns to the soil as urine or 
droppings. What he does assimilate goes back to soil when he 
dies and rots. The only way nitrogen is lost is by the work of 
some villainous bacteria which get their living by turning com- 
bined nitrogen into free nitrogen, but the loss by these is just 
compensated by the gain from the thunderstorms. 

So the wood or field or heath for hundreds of centuries kept 
its little store of nitrogen ever built and rebuilt into stem and 
leaf, flower and fruit, insect, bird and beast. 

Then man came to farm; and while he lived primitively, putting 
his refuse back into the soil, little harm was done. But as time 
grew on, great cities rose. To-day, thousands of tons of food 
representing perhaps 250 tons of combined nitrogen pour into 
London daily. That food is eaten. The nitrogen departs by only 
two routes — down the water-closet to the sea or in the hearse 
to be buried deep out of the plant’s reach, or to be burned 
wastefully in the crematorium, setting nitrogen free in the air. 
An acre of ground may perhaps contain a couple of tons of 
combined nitrogen, so London’s food is enough each day to 
rob a small farm of izj acres of its fertility. 

The problem has been solved in three ways. First, the world 
spends the capital accumulated in the past. In Gtile, on the arid 
coast between the Pacific and the Andes, ate vast deposits of 
sodium nitrate. No rain falls there, for the winds perpetually 
blow from east to west, and as they rise over the lofty mountains. 
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Fig. 374. — ^Modern man's supply of nitrogen. . 


they deposit all their moisture. For this reason, these deposits 
(which are about as soluble as sugar) have never been washed 
away. No one knows how they came there, but they are probably 
the remains of huge masses of decayed seaweed cast up from a 
primitive ocean. This sodium nitrate (NaNOs) is somewhat 
purified and then shipped all over the world to restore the 
nitrogen the town dweller casts into the sea. There may be 
zoo years’ supply of nitrogenin Chile; probably there isnotsomuch. 

While coal lasts, we have nitrogen on tap. Coal is the remnant 
of ancient plants and the nitrogen of their proteins remains. 
When coal is burned in a fire or furnace, the nitrogen is wasted, 
for it goes back to the air as free nitrogen. But when gas is made, 
the nitrogen appears as ammonia (pp. 250, 648) and is extracted 
and turned into ammonium sulphate and sold to the farmer. 
The plant requires nitrogen as nitrates such as sodium nitrate, 
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P— N' 
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and it cannot use it in the form of anunonium compounds, such 
as ammonium sulphate. 
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which contain the — ^NH4 group of atoms. But in the soil are 
bacteria (the chemists of the plant world) which have the power 
of turning [NH4]+ ions and oxygen into water and [NOs]” ions 
which the plant can use. As coal may last 500-3000 years, its 
nitrogen will not fail us for many a day. 

Finally, the world is using its nitrogen capital by continually 
breaking virgin unused soil, growing wheat on it, till its nitrogen 
and its consequent fertility is decreased, and then either passing 
on to new ground or importing nitrogen. The huge farms of 
the U.S.A. and Canada are examples of this. The plant breeders 
are continually evolving quicker-growing wheats which, being 
able to ripen in the short Arctic summer, allow the wheat-fields 
of Canada to be pushed north; they evolve, too, drought-resisting 
wheats which can be grown in the virgin soil of the dry areas 
where ordinary wheat cannot flourish. 

There is one biological way of restoring the loss. Certain 
“leguminous” plants — peas, beans, lupins, vetches, etc. — have a 
remarkable habit of setting up a partnership with an able chemist 
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in the gtiise of a bacterium. These bacteria live in nodules on 
the roots of the lupins, etc. (dig up a lupin seedling or runner bean 
and look) and have the most remarkable power of turning the 
nitrogen of the air into combined nitrogen. So a good way of 
enriching a poor soil is to grow a crop of vetches and plough 
them, and the nitrogen they have made, into the soil. 

The most recent and effective way of getting nitrogen for our 
food is to make it from the air. This is a difficult task for the 
chemist, but he has found four or five ways of solving it. We 
have only space to talk of one or two. 

The Birkeland-Eyde process imitates the lightning. Air is 
blown through a huge electric arc at 2000® C. spread by magnetic 
forces into a flat disc of flame. The nitrogen and oxygen of the 
air partly combine and by the action of more air and water finally 
make nitric acid. 


NsN NsO O O 

► +11 >> 

0=0 N =0 O O 

Air in arc gives nitric oxide 
flame which on cooling 
combines with 
mote air and 
makes 


H 

=N =0 O I HNO, 

+ 11 + O >■ 

=N =0 O I HNO, 

H nitric 

nitrogen dioxide acid, 

which with more 
air and water finally 
gives 


The nitric acid is usually treated with limestone, giving calcium 
nitrate, which is a solid and can be charged into sacks and sold 
to farmers. 

The cyanamide process uses calcium carbide (p. 601), heats it 
and passes over it nitrogen from the air. This makes calcium 
cyanamide, which in damp soils slowly changes to ammonium 
compounds, which bacteria change to nitrates. 

The process chiefly in favour nowis to make ammonia (NH3)from 
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nitrogen and hydrogen and turn this into ammonium sulphate, 
which soil-bacteria very easily change into nitrates. The process 
requires great feats of engineering because the gases have to be 
handled at fairly high temperatures and pressures of up to 
200 — 300 atm. The &st step is to make hydrogen, the manu- 
facture of which from water-gas has been described on p. 569. 
When two volumes hydrogen and one volume oxygen are 
ignited they e^lode and combine to form water; so if you mix 
five cubic feet of air (containing one cubic foot of oxygen and 
four cubic feet of nitrogen) with fourteen cubic feet of hydrogen, 
two of the latter will burn and turn all of the oxygen to steam; 
and a mixture of four cubic feet of nitrogen and twelve cubic 
feet of hydrogen will be left. This is the right proportion for 
making ammonia. Actually, a mixture of air and hydrogen 
would explode violently, so we mix the air and hydrogen together 
only as fast as they burn. 

The nitrogen-hydrogen mixture is cooled and purified from 
traces of other gases and is then compressed to no less than 
3000 — 5000 lbs. per sq. inch. It is then passed over a “catalyst” 
of metallic iron which in some not dearly understood manner 
makes them partially combine and make ammonia. Now, am- 
monia gas at the enormous pressure of 3000 lbs. per sq. inch 
boils at quite a high temperature. So it is only necessary to cool 
the gas to condense out the ammonia. The unused nitrogen and 
hydrogen are used again. 

The liquid ammonia gas has now to be turned into a form 
wiuch can be sold as a fertiliser. This is done by combining it 
with sulphuric add to make solid ammonium sulphate. 


AMMONIA 

Ammonia, as we have seen, is a compound of nitrogen and 
hydrogen. Its formula is NH, and its molecule is arranged like 
this: 
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Diagram of Ammonia molecule. 
The large sphere represents the 
nitrogen atom: the three small 
bulges hydrogen atoms. 


Its smell is familiar to everyone because ammonia is often used 
for cleaning. It turns grease into soap to some extent and it 
softens water, but is not really a very efficient cleanser. The chief 
use of it is, as we have seen, to make fertilisers. Liquefied 
ammonia is used a good deal in refrigerators. The refrigerator 
described on p. ii8 employs liquid sulphur dioxide; ammonia 
is used in a very similar way. 

Ammonia’s duef chemical characteristic is the way it combines 
with acids. Acids combine with it and give it their loose hydrogen 
atom and an electric charge. Thus, if you mix ammonia fumes 
and hydrochloric add fumes, you get a dense white smoke of 
ammonium chloride or sal-ammoniac. 


Ammonia and any add will form a 
solid ammonium salt of this kind. 
Examples are ammotaum cbhride, sal- 
ammoniac (above) used for Ledanch6 
batteries and in soldering and brazing. 
Ammonium sulphate is used as a fer- 
tiliser. Ammonium chloride is not 
used as a fertiliser because chlorides 



Nil, 4 HO -► NH^a 

Fig. 575. — Ammonia and 
hydrochloric arid give 
ammomum chloride. 


are not very good for the soil, while 

sulphates are enjoyed by plants like cabbages and onions which 
contain a good deal of sulphur. 

Ammonium nitrate wo^d be a very fine fertiliser but is rather 
expensive. Its chief use is as an explosive. A molecule of the 
solid [NH4I+ [NOj]“ when given a violent shock changes into 
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two molecules of steam and one of nitroxis oxide O^N^N 
(the gas that the dentist uses) and for the reasons given on p. 636 
causes a violent explosion. It is a very safe explosive indeed. 

The other great use of ammonia is for making nitric acid. 
Nitric acid can be made by the Birkeland-Eyde process (p. 647) 
or from sodium nitrate, but the easiest process to understand, 
and probably the most important one, is its 
manufacture from ammonia. The principle is 
simple. Pass a current of mixed ammonia 
gas and air through a few thicknesses of hot 
platinum wire gauze. Ammonia and air have 
nothing to say to each other in the ordinary 
way and even at a white heat only turn into 
nitrogen and steam. But the surface of the 
platinum in some unexplained way makes 
the nitrogen of the ammonia and the oxygen 
Fie. j 76.— of the air combine and make the gas nitric 
oxide NO. This combines with air and water, 
puted ’thiou((b giving nitric acid just as in the Birkeland- 
gSScS Eydepro««. 

which with air 
and water gives 
nitric acid. 

NITRIC ACID 

Nitric acid is a very useful chemical substance. It has a great 
deal of chemical energy. It is a strong acid — ^i.e., with water it 
produces a great deal of H3O''' hydroxonium ion; it has a great 
deal of oxygen to give away to anything which will accept it and, 

O 



finally, has the power of putting 



O 


groups into 


organic compounds. Without nitric add you cannot carry on a 
war, for all explosives are made from it. Unfortunately for the 
cause of peace, it is. made, as we have seen, from the air, so no 
country need be without it. 



NitroffH the Food-ffwr 651 

Pvire nitric acid is unpleasant to handle. It is a colourless 
liquid (if not quite pure, yellow or brown) which gives off a 
sharp-smelling fume. If you drop it on your skin, it will make a 
dangerous burn before you can wash it off, and will make holes in 
your clothes. Ordinary “strong” nitric acid as sold contains 
about a third of its weight of water and is not quite so destructive 
— ^though dangerous enough. Its chief use in the world’s work 
is to make fertilisers and organic nitro-compounds. Thus T.N.T, 
is made by mixing liquid toluene CjHg (a substance closely 
related to benzene) with several successive portions of strong 
sulphuric and nitric acids of increasing strength. Aniline, from 
which so many dyes can be made, is produced by treating benzene 
with nitric and sulphuric acid for a shorter time and at a lower 
temperature. The almond-smelling yellow oil nitrobenzene floats 
to the top. It is run off and washed, treated with scrap-iron 
borings and water and a little acid. The iron takes its two 
oxygen atoms and also one from the water so maldng the — 
group into an — NHg group. 
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H 

Aniline 

The aniline is distilled to purify it. 

There are hundreds of other compounds of nitrogen, all in- 
teresting to the chemist. We can just mention its oxides, laughing- 
gas O =sN=N which the dentist uses; the heavy brown gas, nitro- 
gen peroxide O =N =0 which you see when you put a hali^enny 
in strong nitric acid: its remarkable explosive chloride whose 
special line is blowing eyes and fingers off eminent chemists. 
The cyanides with the group of atoms — ^NsC are interesting. 
They are very potent poisons indeed. Hydrocyanic or prussic 
acid HCN is the quickest poison known, and may kill within 30 
seconds. Very few other poisons (except gases) will kill under 
several hours. Even this horribly dangerous substance — 
made worse by the fact that it is a liquid which evaporates far 
quicker than the lightest petrol to an intensely poisonous vapour 
— ^finds its uses. It is not poisonous to plants: consequently, it 
can be pumped into (or made in) a greenhouse, and will kill 
every living animal — aphis, spider or bug. In California, where 
fruit is grown in vast quantities for canning, they erect a. tent over 
a tree, pump into it a dose of prussic acid, thus killing all pests. 
They then pass on to the next tree and clear their orchards very 
effectively. 
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Phosphorus : Silicon 

PHOSPHORUS AND PHOSPHATES 

P hosphorus is a very odd element — ^not of very great 
importance — ^but its compounds, the phosphates, are essentials 
of life, and it looks as if our descendants vdll have trouble in 
finding enough of them. 

The element phosphorus can sort out its atoms into molecules 
in two different ways. Consequently, we can make two kinds of 
phosphorus, red and white, both made entirely of phosphorus 
atoms but as different in their way as diamonds from charcoal. 
Red phosphorus is contained in the paste which covers the 
outside of a safety-match box. It is a dark red powder. It has no 
smell. You can eat it and not be harmed. It is very infiammable, 
and at about zoo® C. — ^the temperature of a hot oven — catches 
alight and burns brilliantly. Its use on the match-box is simply 
to start to bum as a result of the heat of friction and so to set 
fire to the less inflammable match-head. 

White phosphorus is a very different material. It looks rather 
like white wax, though it can be made into brilliant little crystals. 
It has to be kept under water; for, in air, it either catches alight or 
smoulders away. If you pick up a stick of phosphorus with tongs 
(the warmth of your famd would set it alight and bum you 
badly) you can see it smoking, and if you take it into a dark 
room you can see it glowing with a faint greenish light. The 
glow is phosphorus vapour burning (combining with the 
oxygen of the air) in a peculiar way and giving out light with 
very little heat. Some heat is produced and the phosphorus 
usually warms up gradually, and when it gets to about the 
temperature of a warm bath, it catches alight. White phosphorus 

6jj 
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is very poisonous indeed — a tenth of a grain may be a fatal 
dose. ^ 9 ^te phosphorus used to be employed in match-heads, 
but its vapour made the teeth and even the jawbones of the 
workers decay, and every civilised country has now forbidden its 
use. 

Plants and animals must have phosphorus because the most 
essential part of the cell, the nucleus, contains compounds called 
nucleo-proteins, which contain a little phosphorus. The fresh 
bones of animals contain as much as 9% of phosphorus, for 
the strong hard part of them consists largely of calcium phosphate. 

[Ca]++ 

[POJs [Ca]++ [POJ= 

[Ca]++ 

Dry bones contmn more still. This absolutely necessary 
phosphorus must ultimately be obtained from plants. 

Now phosphorus is not a very common element: all soils 
contain a little, but very few contain much. In a state of nature, 
phosphorus circulates and is not lost. The plant takes it from the 
soil; the animal eats the plant and uses the phosphorus for its 
cell-nuclei and its bones; both plant and animal ^e and return 
to the soil. 

But into London, every day, we are pouring tons of combined 
phosphorus in the form of food. Every year in the British Isles 
half a million people die and their bones are buried. We bury 
in them at least 200 tons of phosphorus, equivalent to 2,000 tons 
of the best phosphate rock. Needless to say, the soil will not 
stand the strain and we have to give it phosphates. In many parts 
of the world are phosphate-deposits. This phosphate rock is 
mined, ground up, treated with sulphuric acid which makes the 
phosphorus more quickly available, and sold as superphosphate 
to fertilise the soil. But we are spending capital. One day the 
phosphate rock will be finished, and unless our descendants find 
some new soiuce .of phosphorus, they will be unable to get 
enough food from the impoverished soil. Then, indeed, they 
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will be glad to dig us up and use our bones to fertilise the fields: 
they will indeed “grind our bones to make their bread.” Business- 
like people would insist on being cremated and scattered on 
the soil &om which they sprung, so returning their phosphates. 
Cremation, it is true, would waste their nitrogen, but we can 
always get that back from the air. 

SIUCON 

The element silicon is the chief one which binds the rocks 
together. We shall have more to say about rocks and the earth 
in Chapter XXXII, but, generally speaking, one may say that the 
crust of the earth is mainly made of silicon compounds and of 
calcium carbonate. All the volcanic rocks like granite, basalt, 
porphyry; all the clays and shales; all the sands and sandstones are 
silicon compounds. The only really common rocks that are not 
silicates are chalk and limestone. 



Fig. }77. — Right- and left-handed crystals of silica: aboTC, tight- and 
Irft-handed screws for comparison. (Lower portion by courtesy 
of Messrs, Macmillan & Co.; from Tutton’s CiyslaUcffaplff aM 
Prartkal Cfystgl Measurimeut.) 
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The element silicon itself is not of much practical use, but its 
oxide silica is one of the commonest substances in the world. Its 
formula is SiO,. 

Crystallised silica is rock crystal or quatta. In this crystal, the 
molecules are arranged spirally as if they lay on the thread of a 
very coarse-pitched screw. Now, we know a screw may either 
be right-handed or left-handed and, accordingly, we get right- and 
left-handed quartz crystalsl If you look at a quartz crystal you 
can see litde “hemihedral foces” (r^ s, z. Fig. 577), and in a batdi of 
crystals you will find some like each of the two crystals illus- 
trated. These are like reflections of each other in a mirror, as 
are a right-handed and left-handed screw. 

Quartz is found as small grains — ^ill-shaped crystals — ^in many 
roc^, and when these break up by the action of wind, water and 
weather, the very hard grains of quartz remain behind, in the form of 
sand. Ordinary sandis mainly waterworn particles of quartz or flint. 

Flint is also silica (as are opal, chalcedony, agate and carnelian) 
but is not crystalline: the silica molecules do not lie regularly on a 
screw thread but are jumbled anyhow. Now, all these things 
which are “amorphous” as we call it, break wifo a peculiar shell- 
shaped fracture. A piece of glass or flint or sealing wax or 
bakelite or glue when broken shows a smooth curved surface. 
A crjrstalline substance like iron, quartz, soda or marble breaks 
and leaves an irregular jagged surface. 

The first craft in the world was the shaping of flint. It was 
marked out as suitable for the earliest tools because it could be 
easily broken into sharp-edged pieces. Few rocks are as hard as 
flinty and those that are cannot be shaped by blows or pressure, but 
have to be laboriously rubbed into shape. 

The hoary trade of flint-chipping is not yet extinct. Shaped 
flints ate needed for the flint-lock guns which survive in the East, 
and old buildings faced with squared flint still need alterations 
and additions. At Brandon in Suflblk, not far from prehistoric 
flint mines, the tradition of “flint-knapping” continues. Plate XXX 
illustrates the knapping of flints, and the beautifully shaped gun- 
flints made thereby. 
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Almost all rocks, except chalk, marble and limestone, are made 
up of silica and silicates. A silicate is a compound of metal ions 
with silicate ions, which are electrically diarged groups of silicon 
and oxygen atoms. A typical and rather simple one is talc, made 
of magnesium, silicon and oxygen atoms in the proportion shown 
by the formula Mgj (OH)2Si4Oi0. Most of the natural silicates 
have very complicated molecules, made up of long chains or wide 
networks of alternate silicon and oxygen atoms with ions (electric- 
ally charged atoms of metals) clustering in the interspaces. 





(/») Long thread-like chains of silicon 
and oxygen atoms* extending in- 
definitely to ri^ht and left* are the 
fundamental umts of fibrous minerals 
such as asbestos. 



(r) A closed basket-like network of {d) Plane networks of silicon and oxygen 
silicon and oxygen atoms. These atoms extending indefinitely in every 

are found in ultramarine and in direction ate the fundamental units 

felspar. of minerals* such as mka* which 

readily split into thin leaves. 

F1G.J78. 

(Prom Dr. R. C. Evans* translation ot O. HassePt KristalUbimit^ published by 
Messrs. William Heinemaon.) 
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Fig. 378 shows typical examples of these networks. The large 
white spheres are oxj'gen atoms: the little dotted spheres in Fig. 
5780, by dy and the black spheres in Fig. 378^ are silicon atoms. 
The metal ions must be thought of as clustering round these 
frameworks. Those in Fig. 378<r, by are the sort of chains that one 
might find in asbestos or a mineral which has fine fibrous crystals. 
Such chains as these might, of course, continue for hundreds of 
atoms to right or left. Flat sheets of atoms (Fig. l^^id) are 
found in minerals like talc and mica, which split into thin sheets. 
A sheet like this may contain many millions of atoms in this same 
regular pattern. Fig. 378^ is a molecule of the blue pigment 
ultramarine. The common mineral felspar has a “basket-like” 
molecule of this kind. The semi-liquid layer of the earth next 
below the solid crust is composed of a large number of different 
silicates. Accordingly, the rocks to which it solidifies are not 
ordinarily one single silicate like the above, but a conglomeration 
of crystals of different silicates. You can see this well in the pieces 
of polished granite which are doubtful ornaments to so many 
public buildings. The chief constituents of granite are felspar 
(white or pinkish opaque crystals), transparent quartz, and mica 
in small shining and brilliant flakes, often black (Plate XXXIII). 

Felspar is a compound of potassium, aluminium, silicon and 
oxygen, KAlSijOg. 

Mica is a compound of hydrogen, potassium, magnesium, 
siheon, alununium and oxygen^ (OH)a K MggSig AlOm. 

Quartz is silica SiOg. 

These presumably crystalhsed out when the molten “magma” 
or mixture contsuning silica and the silicates of potassium, 
magnesium and aluminium slowly cooled for centuries under the 
earth. If the proportions of these elements had been different, 
crystals of other complicated silicates might have appeared and 
we might have had basalt or olivine instead of granite. 

If a molten mixture of silicates is suddenly cooled, instead of 
crystals there appears an amorphous glass. This often happens 
with volcanic lavas: the almost black glass so produced is c^ed 

^ There are several different felspars and micas. 
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obsidian. It breaks like flint and so primitive peoples have 
chipped it like flint into razor-edged arrow-heads and knives. 
The Mexican priest sacrificing his victim, cut open his breast with 
an obsidian knife — a tradition dating probably to the days before 
metals were known. 

Glass is a mixture of silicates. To make ordinary glass, it is 
not enough to melt rocks and cool the liquid, for since the rocks 
all contain a good deal of iron, the glass would be nearly black. 
Ordinary glass is the mixture of the silicates of sodium, potassium, 
calcium and lead or some of these. 

Soft glass as used for windows is made from: 

Soda, 30 parts 
Chalk, 35 parts 
Sand, 100 parts 

broken Glass, a variable quantity 

A more brilliant-looking glass suitable for ornaments is made 
from: 

Potassium carbonate, 20 parts 
Red Lead, 60 parts 
Sand, I bo parts 

Broken Glass, a variable quantity 

and numerous other mixtures can be used for special purposes, 
such as glass for lenses. Boron oxide may replace silicon to some 
extent. The strongest glasses for resisting heat and violence are 
those like pyrex which are used for oven-glass and for making 
chemical apparatus: these are “borosilicates" of the above type. 

Glass is made by melting the above mixtures in a regenerative 
furnace of the type shown in Pig. } 86 . A rather sticky liquid is 
obtained when the materials first melt, and even at a white heat 
it is by no means as limpid as water. The glass is kept melted for 
a long time so as to allow all the air-bubbles to float out of it to 
the surface. 

Now, given the molten glass, how ate articles made from it? 
The traditional method is “blowing,” a most skilled tradel 

I'he glass worker gathers a lump of treacly semi-molten glass 
on the end of a long iron tube. By blowing into the tube the glass 
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is inflated into a bulb. This can be shaped by twirling the tube, by 
swinging it so as to extend the soft bulb by the action of gravity, 
by reheating it and blowing softly or vigorously. Very few and 
simple tools are used, and great skill is required. 

Sometimes the bulb is blown inside a hot iron mould: this 
enables a large number of vessels of exactly the same dimensions 
to be blown. 

Blowing machines are extremely complex: they operate on the 
above principle and produce almost all die che^r botdes— e.g., 
beet-bottles — ^which are requited. 

Many ardcles such as the cheaper glass dishes are pressed. Hot 
glass is pouted into a mould and a shaped plunger comes down 
on it and forces into every corner. The mould opens and the glass 
article has by that time cooled to the solid state. 

Window glass is usually drawn. The sheet of glass has one 
end dipping in the molten glass and is continuously pulled up 
by rollers. This has die dfect of drawing out of the tank a 

continuous sheet of glass 
which solidifies as fest 
as it leaves the furnace. 
Glass which has cooled 
quickly is in a state of 
strain due to uneven con- 
tracdon and is very easily 
broken. All the glass ar- 
dcles are therefore amealed 
after they have been made. 
They ate heated to the 
temperature when the 
glass is just beginning 
to soften and then cooled 
very slowly for an hour 
and a half or more. 
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Chix>rine 

COMMON SALT 

C HLORINE has an evil reputation, for it was the first of the 
poison-gases to be used in warfiire. But in its compounds, 
it is not only useful but essential for the whole fluid contents of 
our bodies, blood, tears, milk, lymph, sweat, urine are a weak 
solution of common salt whicb is more than half chlorine. 
There seems to be no very obvious reason why sodium chloride 
rather than, say, potassium chloride should be the most 
abundant salt in our bodies. It is thought that all land 
creatures have been evolved from marine creatures: the.'L*, 
which naturally would contain the salt of the sea, have handed 
on to us the chemical inheritance of a cell contents which 
requires salt. 

The most important compound of chlorine then is salt — 
sodium chloride — ^which as Fig. i6 p. 47 shows you, consists of 
sodium ions — sodium atoms with one electron removed — and 
chlorine ions — chlorine atoms with one electron added. The 
original source of it is not very certain; but all the deposits of 
salts found in the world have been produced by the drying up of 
inland seas. 

Some of these deposits are tremendously thick. At Stassfurt, 
in Germany, there is at least half a mile thic^ess of salt. Now the 
sea contains only about 3% of salt and so (since salt is about 
times as heavy as water) a mile depth of sea would only deposit 
about 20 yards of salt. So the Stassfurt deposits would have 
needed a sea about forty miles deep to produce them. This we 
can't believe ini So, the usual theory is that a salt deposit started 
as an inland sea, perhaps separated {tom the ocean by a bar over 
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which waves broke freely in winter. Every winter the sea filled 
it up: every summer the sun dried up the shallow basin and 
deposited a layer of salt. Gradually the basin sank — land is 
always slowly rising and falling — and so a vast depth of salt was 
deposited and a salt bed formed. Most of our English salt- 
mines in Gieshire have been flooded by water breaking in 
from above. So salt in England is “mined” by pumping out 
the strong salt solution or “brine” from the flooded salt-beds 
and boiling this down till the salt crystallises. The most re- 
markable salt-mines are at Wieliczka in Hungary, where a 
whole town has been hollowed out of the gleaming crystalline 
salt. Plate XXIX shows the mining of the salt and also the 
chapel of St. Barbara, in which the walls, floors, carvings and 
even the chandeliers are made of salt. 

Salt when purified is femiliar enough to everybody. Actually, 
table-salt is often mixed with a little bone-ash (calcium phosphate) 
to stop it clogging in damp weather. Kitchen salt does not 
contain this but may contain traces of other salts. The world 
uses about twenty million tons of salt a year, say, 22 lbs. a person. 
About two-thirds of this is used for eating, cooking and pre- 
serving salt meat and fish: the rest is turned into soda, caustic 
soda, chlorine, hydrochloric acid, sodium sulphate, etc., and 
is also used up in the glazing of pottery, dyeing, etc. 

CHLORINE 

The element chlorine itself is largely used for making bleaching- 
powder, and for making many organic chemicals — drugs and 
dyes — ^and for making hydrochloric acid. 

It is made by passing an electric current through ordinary salt 
solution. This is just positive sodium ions and negative' chlorine 
ions and water. So an electric current attracts the sodium ions 
to the negative pole (cathode) and the chlorine ions to the 
positive pole (anode). The chlorine ions ^e up an electron 
each to the current supply at the anode and so become chlorine 
atoms which join up to chlorine molecules. These bubble off 
as chlorine gas. The sodium ions receive an electron from the 
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cathode and so become sodium atoms. But a sodium atom 
and a water molecule combine and give a sodium ion again and a 
hydroxyl ion and a hydrogen atom. So, at the cathode we get 
sodium ions and hydroxyl ions in equal numbers (this we call 
sodium hydroxide or caustic soda) and hydrogen gas. 

So the electric current splits salt water into chlorine, caustic 
soda and hydrogen. The manufacturer uses all these. The 
chlorine he sells to the chemical works or turns it into bleaching 
powder by combining it with lime; the caustic soda he sells to the 
soap makers and the hydrogen he probably uses to make inedible 
oils into useful fats. 

Something has been said already about storing chlorine under 
pressure as a liquid in tanks. This is possible because dry chlorine 
docs not affect iron. If moisture is present, it corrodes any metal 
away in a very short time. 

Chlorine gas is a substance which forces itself on one’s notice. 
It is greenish-yellow in colour: this means it absorbs the light 
of the other parts of the spectrum (red, etc.), and this light 
increases its energy. A remarkable result of this is that chlorine 
is much more chemically active in light than in the dark. If a 
ch«,ixust wants to make chloracetic acid from chlorine and 
acetic acid, he waits for a bright sunny day, knowing that the 
experiment will be complete in about half the time that would be 
needed on a dull day. Its smell is very noticeable too. Even the 
insensitive nose of a man will smell a great deal less than one 
part of chlorine in ten million of air. When very weak, it smells 
rather like sea- weed, but when strong, it has a scalding and 
choking odour. It is very poisonous indeed, for, as little as one 
part in j 0,000 of air will cause serious injury to the lungs if 
breathed for some time. It was the obvious poison-gas to use in 
warfare, for it is not only poisonous but heavy and cheap. The 
results were terrible. The delicate membranes of the lungs 
irritated by the gas defended themselves by pouring out quantities 
of fluid designed to wash away the irritant: the effect was, the 
victim was drowned in the exudations of his own lung tissues. 
Many of those who survived were permanently weakened and 
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succatnbed to tuberculosis or other such infections. Mustard 
gas and the lacrymators or tear-gases were painful but com- 
paratively humane, for most of llieir casualties recovered com- 
pletely: but chlorine was a completely brutal method of causing 
death. 

Gas-warfare is a competition between the chemist who 
synthesises new compounds and the chemist who devises 
masks. 1 am not sure whether any nation is sufiidently barbaric 
to bomb open towns with gas (written in 193}). But, if such 
a thing ever happens, it is as well to know what to do. As 
a makeshift, if you are out of doors and have no access to a 


room which can be securely closed, get on to the highest place 
you can and if possible obtain a rubber sponge, or a wet sock or 
doth, and a basin of water with some washing soda. Dip the 
sponge in the water or solution of soda, wring it out and breathe 
through it. It is very unlikely diat aerop^es can put down enough 
gas to be dangerous at the level of the housetops. Your make- 
shift mask would be little good against big concentrations of gas, 

but might tide you over a mild 
attack. In your own house an 
upstairs room with the windows . 
and doors sealed with wet cloths 
and the chimney blocked by 
towels would probably remain 
gas-proof till the wind blew the 
gas away. A military gas-mask 
is designed to deal with as many 
diffisrent gases as possible. It 
contains a filter to get rid of the 
poisonous smokes, charcoal 

Fio. j79<— Gas-mask. A which (p. 588) absorbs many 

B Soda-liaie j 1 t 

CChascoal otgamc gascs, and granules of 
p caustic soda and lime which 

MiZbIc*** absorb chlorine, phosgene and 
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some others. Most chemists 
would be sceptical about die 
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possibility of the discovery of any gas much worse than the 
present ones. All deadly gases have fairly simple molecules, and 
nearly all the possible simple molecules have already been put 
together by chemists. 

Because chlorine is poisonous it is therefore an occellent 
disinfectant, for it kills all kinds of bacteria, but in the form of 
chlorine gas it is too dangerous to handle. Accordingly, it is 
made into “chloride of lime,” or “bleaching-powder,” which is 
even better for the purpose, for it is one of the few disinfectants 
which is not dangeroiisly poisonous to human beings. To make 
it, chlorine is passed over slaked lime till no more of the gas is 
absorbed. 

This chloride of lime has a smell very like that of chlorine. It is 
an excellent substance for disinfecting water, because it is not 
poisonous, and because a very small amount of it will kill all 
disease germs. In the war of 1914-1918 all the wells in the war 
areas of Belgium and France were treated by throwing into them 
chloride of Ume. The troops disliked the taste of it in their water, 
and probably few chemical compounds have been better cursed, 
but men did not die of typhoid-fever in thousands as they had in 
every previous war. Chlorine or chloride of lime is often put 
into swimming-baths. An undisinfected and unfiltered public 
swimming-bath should never be entered by anyone; and no one 
who has read a medical cheer’s report on the contents of such a 
bath would ever wish to go near it. Everyone who goes in 
allows their saliva to enter ^e water, and children — particularly 
the less well trained ones— do things far more objectionable, 
filling the bath widi every kind of contamination and disease 
germ. In rivers and the sea, it is not quite so bad, for the great 
volume of water dilutes the dirt till it is inappreciable. 

The two ways of making a swimming-bath safe are, first, 
treating it with chlorine, chloride of lime or sodium hypochlorite 
(which is like bleaching powder, but has sodium in it instead of 
calcium), and secondly, continuously filtering it. Both ways ate 
safe, but the last is the pleasanter because the disinfectants make 
the eyes smart. 
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Chlorine is a very active element indeed, and it combines 
particularly enthusiastically and violently with hydrogen. Hydro- 
gen burns in chlorine just as it does in oxygen. A mixture of 
hydrogen and chlorine explodes violendy if set fire to. It also 
explodes if exposed to sunlighti This is because the green 
chlorine absorbs the light and has the energy of its molecules 
raised till they begin to split into atoms. The atoms then start 
reacting with the hydrogen in ladies-chain fashion, much like the 
hydrogen and oxygen on p. 574, and make hydrochloric acid. 
This is used a good deal in industry. It is made by burning hydro- 
gen and chlorine together, and dissolving the hydrogen chloride 
gas in water, or by pouring sulphuric acid on salt. Hydrochloric 
acid is a very common and important chemical. It used to be 
employed for cleaning lavatory pans, because it breaks down 
organic matter but does not affect earthenware. But it is not much 
used in the household, for it is a dangerous material, poisonous 
unless diluted with a great deal of water, and very destructive. 
It has been displaced by “Harpic,” which is substantially sodium 
hydrogen sulphate, a strong acid in a solid form, and therefore as 
good as hydrochloric acid, but not liable to be drunk in mistake 
for medicine. 

Chlorine will very often, take hydrogen out of an organic 
compound. It may break it up altogether, or it may, if water is 
present, take the hydrogen from the water leaving an oxygen 
atom which enters the compound. 



+ 1P+Id] 
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Chlonne + Watet+Dye Hydiochloiic+ Colourless compound 
add 0( dye and oxygen 


Suppose we let chlorine act on a substance coloured by some 
dye st^. It will probably break the dye molecule up or put 
oxygen into it — thus changing it into a new molecule. Now 
for every coloured molecule there are a hundred colourless ones. 
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so chlotine is very likely to diange a coloured thing to a colour- 
less one and so bleach it. 

Qilorine cannot be used to bleach the protein fibres of 
silk or wool, because it attacks the — NH — groups in a protein. 
But cellulose stands limited treatment with chlorine, so cotton 
and linen can be safely bleached by it. The usual way of bleaching 
cotton is to run the woven material first through bleaching 
powder solution and then through weak sulphuric acid. The 
bleaching powder solution and acid together produce chlorine 
m the fibre where it is wanted, and there is no risk of poisoning 
anyone by using chlotihe gas. 

If you want to see some chlorine for yourself, GO OUT OF 
DOORS, put a table-spoonful of bleaching powder in a jam 
jar. Stand to windward of it, add half a teacup full of accumulator 
add and cover the jar with a saucer. You will jsee the green 
gas, and if you put a flower in the jar, it will be bleached at once. 
But treat the gas with respecti 
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SU1.PHUR 

T he Devil is popularly believed to disappear leaving a 
smell of sulpW. Sulphur is almost odourless, so die 
recounters of the tradition either believed he disappeared with a 
smell of sulphuretted hydrogen — ^likc a rotten egg — or more 
likely with a smell of sulphur dioxide — the smell of burning 
sulphur, fireworks or French matches. Perhaps fraudulent 
magicians helped their diabolic displays with a few fireworks, so 
supporting the connection between deviltry and sulphur dioxide — 
or perhaps the notion that volcanoes (whicli often exhale sulphur 
dioxide) were the mouths of hell, led to the association. Be this 
as it may, sulphur is connected in the public mind with hell, 
smells and bad language. Milton was of the opinion that hell 
was paved widi sulphur. 

“ — down they light 
On the firm brimstone ” 

Sulphur is, in real fact, sometimes associated with volcanoes. 
For many years all the world’s sulphur was obtained firnm the 
volcanic region of Sicily: to-day, it nearly all comes from Louisiana 
and Tests. The winning of this sulphur was perhaps the most 
remarkable feat of mining engineering. The sulphur — almost 
pure — ^iies under a layer of qrdeksand saturated with water. 
It might have been possible to freeze fiiis (p. 219) and sink a 
steel lined shaft into it: but the sulphur deposits were full of 
poisonous gases so that even if they had been readied, the miner 
could have only worked in a gas-mask, and you cannot do much 
work under such conditions. The brilliant idea of Hermann 
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Frasch was to melt the sulphur and pump it up. Sulphur melts at 
about II 5® C., a little above the temperature at which water 
boils. But under a pressure of 140 lbs. per square inch water boils 
at 17J® C. Frasch’s plan was to pump super-heated water, at 170- 
180° and under great pressure, into the sulphur bed, and 
If-r it both melt the sulphur and force it up another tube to the 
surface. 

Fig. 380 shows the “sulphurpump.’’ The hot water goes down 
the outer pipe and issues into the sulphur bed. The 
sulphur is much heavier than water and flows down round the 
bottom of the pump. The pressure of the water drives the 
melted sulphur up the itmer tube (marked Foam of Melted 
Sulphur and Air in Fig. 380). To lessen the weight of the 
column of melted sulphur, compressed air is blown down the 
central tube so that a froth of air and melted su^ihur comes out 
at the top and is run into vast bins. 

Sulphur as thus made is fairly pure. It is a yellow and brittle 
substance without any smell or taste. It docs not dissolve in 
water. It can be made into beautiful octahedral crystals by dis- 
solving it in some liquid like carbon bisulphide and letting it 
evaporate. Sulphur can also be made into needle-shaped crystals 
and (by boiling liquid sulphur and pouring it into water) into a 
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queer indiambbet-like mass. All these varieties of sulphur are 
simply sulphur atoms arranged in different ways. 

Sulphur is used for several quite important purposes. First 
of all, since it lights very easily, it is used in making fireworks and 
matches. Firework-making is a rather subtle business: the success 
of a firework depends not only on what you put in it, but also on 
how finely you grind it, how well you mix it and how solidly and 
evenly you pack it. A firework mixture always has in it some- 
thing which burns and something which supplies oxygen. Sulphur, 
charcoal, fine iron filings are some of the things which burn and 
saltpetre (potassium nitrate) or some other nitrate usually 
supplies the oxygen. 

Here is a recipe for red fire and an explanation of what each 
ingredient does: 

Sulphur, I a parts — Burns. 

Potassium chloride, 6 parts — Colours flame. 

Strontium nitrate, 36 parts — Supplies oxygen and colours 
flame red. 

Antimony sulphide, 2 parts — Burns and makes flame brighter. 

Lamp-black, i.j parts — Burns. 

The materials are ground very finely and most thoroughly 
mixed. 

The most interesting firework is the rocket, for it is used not 

only to delight the eye but to 
carry a line to a wrecked ship: 
and some adventurous souls 
have attempted to propel cars 
by them and send mails 
across an arm of the sea. 
The principle of the rocket 
is simple. When the fire- 
work mixture in it burns, it 
changes into gas which 
streams out at the base. 
There is, therefore, a pres- 
Fio. 381. — ^How a rocket is impelled. sure of gas on the inside of 
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the rocket which drives it up. It goes up for just the same reason 
as a man on roller skates goes bacWard when he hurls a brick. 

The fascinating thing about a rocket is that it is self-contained. 
The car pushes against the road, the ship against the sea, the 
aeroplane against the air, but the rocket requires nothing to help it 
on its travels, for it pushes against the gas it has itself made. 
Consequently, a big enough rocket could fly right out of the 
atmosphere through space to the moon; it therefore provides 
the most nearly possible way of making a journey to another 
planet. But there are very grave difficulties. A very big rocket 
is apt to explode with most remarkable violence; it is at present 
unsteerable, and can only be aimed like a gun, but very un- 
reliably. None the less, if there was air to breathe and enormous 
riches to be gained on the surface of the moon, I would wager 
that someone would get there in a rocket-propelled vessel 
within a century. But big rockets are very expensive, and an 
attempt to reach the moon — an arid and airless desert — would 
entail almost certain death, consequently, no one is very keen to 
attempt it. 

Mars is perhaps the most hopeful planet for colonisation, 
but as it would take some four years at a thousand iiules an hour 
to get there, science may easily need a few thousand years* 
development before it finds the way. 

The second great use of sulphur is to kiU moulds. Sulphiu 
seems perfectly harmless to the higher animals and to ordinary 
green plants. But certain moulds have the strongest objection 
to it, and about 100,000 tons every year are used to dust vines to 
keep off the oidium fungus, a sort of mould which causes great 
destruction to vines and hops. 

Great quantities of sulphur are used to make sulphur dioxide — 
for bleaching wood-pulp, and for making sulphuric acid. 

HYDROGEN SUI.PHIDE 

Most people have heard of the compound of sulphur and 
hydrogen. It is commonly called “sulphuretted hydrogen,” 
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though chemists call it hydtogen sulphide. The smell is thought 
disgusting by most people, for they associate it with rotten eggs, 
decaying cabbages, sewage and other unsavoury things. But 
“there is nothing either good or bad, but thinking makes it so,” 
and the chemist who works every day with the gas ceases to 
dislike it, and even rather enjoys it in time. It can be made in the 
Kipps apparatus of Figure 355, using iron sulphide as the solid 
and sulphuric or hydrochloric acid as the iiquid. 

[H30]+ 

Fe S + = HjS + HjO + Fe++ 

[H 30 ]+ + HgO 

Iron hydroxonium hydrogen water iron 
sulphide ion sulphide ion. 

Sulphuretted hydrogen is not much use except to the analytical 
chemist, who uses it to separate and detect the various metals. 
Thus, it gives a black insoluble substance (copper sulphide) 
with an acid solution containing, say, copper or lead, but does 
not affect an acid solution containing iron. So if the analyst 
wants to see if some iron chloride contains copper or lead, he 
can bubble sulphuretted hydrogen through it and see if any 
black solid is produced. 

Sulphuretted hydrogen is poisonous. It is not by any means as 
poisonous as chlorine, but air containing 1% of it will soon kill 
a man. As one part in ten thousand makes a pretty foul smell, 
no one is likely to get poisoned unless he cannot get away. 

This is just what may happen in sewet gas poisoning. Sewers 
are not gardens of roses, of course, but they do not as a rule smell 
very bad, and have not a poisonous atmosphere. The danger- 
arises when an unventilated place has been in contact with 
sewage and the gas has accumulated. 

SULPHUR DIOXIDE 

The gas sulphur dioxide is the gas which gives the smell to 
fireworks, etc. It has the formula SOg, its molecule consisting 
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Cun flints made by flint-knapping at Brandon, 
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of a sulphur atom linked between two oxygen atoms. Since 
burning is combining with oxygen, this gas is produced when 
sulphur burns or when anything containing sulphur bums. It is 
usually made in this way when required for bleaching or making 
sulphuric acid. It is very easily condensed to a liquid by cooling 
it and compressing it, and this liquid is sold in iron cylinders or 
glass syphons (Fig. 5 3 A, p. 125). But sulphur dioxide is contin- 
ually being produced whether we want it or not. Coal always 
contains a small proportion of sulphur and when coal burns, the 
gases produced contain sulphur dioxide. Anyone who travels 
through a long railway tunnel where, of necessity, the air contains 
much coal smoke, experiences tliat peculiar flat metallic sort of 
taste in the mouth which is a sure sign of sulphur dioxide. It is not 
a very poisonous gas, so its presence in tunnels is more unpleasant 
than dangerous. But the presence of sulphur in coal has a much 
more serious effect, for it causes the smoky air of London and 
other big towns to contain sulphur dioxide. Now this gas, air and 
water combine — rather slowly — giving sulphuric acid, a re- 
markably corrosive substance which costs the Londoner a lot of 
money. It corrodes his stonework — compare the surface of St. 
Paul’s with that of a far older country catliedral of similar stone — 
say Winchester Cathedial. It makes ironwork corrode and rast 
more quickly. 2iinc roofing and guttering is almost unusable in 
towns. It is doubtful how far the gas harms plant-life, for it is 
probably a film of tarry soot that kills all but a few dozen kinds of 
plants in Central London. The presence of sulphur dioxide in the 
air of towns is an evil which is not easy to cure. At the great new 
power-station at Battersea where 900 tons of coal are burned every 
day, die issuing smoke (or burned gases, for efficient furnaces do 
not let smoke escape) passes through a fine rain of water, which 
dissolves out the sulphur dioxide. If all London’s coal was 
burned in power-stations and gas-works to produce gas and 
electricity, no gases but carbon dioxide and nitrogen would have 
to enter the air, and London houses could be as clean as those in a 
country village (Plate XXIX). 

Certain industries produce great volumes of sulphur dioxide. 


22 



674 


Tie Wor/d of Science 


Copper ore is a concibination of copper and sulphur, and the 
first stage in getting copper from it is to burn it so that the 
sulphur turns to sulphur dioxide gas. At the same time, arsenic 
(usually present in the ore) also passes out as vapour so that a 
copper smelting works produces a whitish and stinking fume. 
This can sometimes have its sulphur dioxide turned into useful 
sulphuric acid, but it is often allowed to escape, whereby the 
ground for a mile or more round the works is stripped of every 
green plant. Swansea used to be an example of this in England. 

Sulphur dioxide is used a good deal for bleaching delicate 
materials like wool and silk which chlorine would destroy. The 
process is at least as old as the time of the Romans, who bleached 
their woollen garments by hanging them in closed rooms in 
which sulphur was burnt. It bleaches colours by putting hydrogen 
into them which usually destroys the colour-producing group. 
But it contains no hydrogenl It gets this from water and, accord- 
ingly, it will bleach only damp materials. 
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A little sulphuric acid is produced in the process: this must 
be carefully washed out, as the fabric would be weakened by 
it. 


SULPHURIC ACID 

Sulphur dioxide is chiefly used to make sulphuric acid which 
is employed in such a large number of diverse trades that Disraeli 
is said to have stated that the degree of civilisation of a country 
could be estimated by the quantity of sulphuric acid it used. 

If for “civilisation” you read “industrial civilisation” it is 
pretty well true. Sulphuric acid is used for making hydrochloric 
acid, sodium sulphate (for glass making), copper sulphate, 
ammonium sulphate, and “superphosphate” (fertiliser). It is 
used for making sugar from starch, soap and -glycerine from 
fats, almost all explosives ami dyes from coal-tar, ether from 
alcohol, thorium for gas-mantles from raonazite sand, etc., etc. 
It is used for “pickling” castings (loosening the scale of iron 
oxide which adheres to them), for the acid in accumulators 
and, when much diluted, for sprinkling on wheat fields to kill 
the weeds without burning tlie corn. No other single chemical 
has so many uses — common salt perhaps comes next on the 
list. 

Sulphuric acid is made by two processes. The first is the lead- 
chamber process which makes a cheap impure acid of about 
60% strength from impure sulphur dioxide, which can be 
got very cheaply by burning iron pyrites. The second is the 
contact process which makes very pure 100% acid from pure 
sulphur dioxide. As industry demands both cheap impure 
acid and more expensive highly concentrated pure acid, both 
processes continue to flourish. 

The contact process only will be described here — as it is the 
easier to imderstand. We will suppose that we start from sulphur 
and want to make pure 100% sulphuric acid. The principle 
is to burn the sulphur and make sulphur dioxide. This — mixed 
widi air— is passed over a “catalyst” — metallic platinum — 



676 The World of Science 

which, at 400“ C. or thereabouts, makes the sulphur dioxide 
combine with oxygen and turn into sulphur trioxide. This 
combines with water and gives sulphuric acid. 



Fig. 382. — I. Sulphur burns in oxygen making 
sulphur dioxide 

II. Sulphur dioxide and oxygen in 
presence of platinum make sulphur 
trioxide. 

III. Sulphur trioxidc and water make 
sulphuric acid. (Oxygen atoms 
shaded^ sulphur marked S.) 

Simple enough in principle, this process fairly bristled with 
difficulties when attempts were first made to work it on the large 
scale. The chief trouble was the platinum. No one really knows 
how the platinum makes the sulphur dioxide and oxygen com- 
bine. It is certain that it attracts a layer of the gases on to its 
surface and that they combine there, so the surface of the 
platinum must first of all be made very large, and secondly 
must be kept from covering itself with other things than sulphur 
dioxide and oxygen. 

The first requisite is got by making the platinum into an 
exceedingly fine layer on the surface of another material (asbestos 
or magnesium sulphate). The magnesium sulphate can be 
moistened with platinum chloride solution and then be made 
red hot when the chlorine goes off and leaves a fine layer of 
platinum coating the grains of magnesium sulphate. Now 
suppose we have a centimetre cube of platinum. It has a surface of 
6 square centimetres (six sides, each a square centimetre). Sup- 
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pose you spread the platinum out into a coating only one atom 
thick. Well, a cubic centimetre of platinum contains about 
6 X 10®* atoms. Each atom, if they were all touching each other 
chessboard fashion, would occupy about .one square Angstrom 
unit, square centimetres. So i gram of platinum spread 

out to I atom thick would occupy 6 x 10** x io“^* =6,000,000 
square centimetres, about an eighth of an acre. So by spreading 
out the platinum cube to a layer only one atom thick, we make its 
effective surface a million times greater. Although, in practice, 
you cannot spread your platinum as thin as this, it is easy to see 
that by coating the platinum on to some inert base like asbestos 
we make it far more effective. 

Economy in platinum is most necessary. A unit of contact 
plant often contains £5,000 to £10,000 worth; this money might 
well earn £600 to £1,200 a year if put into improvements or the 
setting up of new lines of business: so though the platinum is 
not used up, it represents a yearly sum to be knocked off the 
profits. 

The greatest difficulty was found in keeping the platinum 
clean. If the sulphur dioxide contained arsenic — a very common 
impurity, this “poisoned” the platinum, i.e., occupied its surface 
and excluded the sulphur dioxide and oxygen. Many other 
things act like arsenic, and so if the process is to work it is very 
necessary that the sulphur dioxide should be made by burning 
sulphur (which is always very pure), or that, if some impure ore 
like iron pyrites is burnt, the gas should be purified. This 
disadvantage has really proved a boon, because everyone now 
knows that “contact acid” must be made from pure material 
and so is certain to be pure. In the manufacture of food-stuffs 
(c.g., glucose) or drugs, contact acid is always used, as chamber 
acid is under the suspicion — ^not always justified — of containing 
lead and arsenic. 

The third difficulty was that the sulphur trioxide formed 
a kind of fog which took a long time to dissolve completely 
in water. This was got over by dissolving it in some of the 
sulphuric acid already made and adding the water to this add. 
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Sulphuric acid, or oil of vitriol as it is called in the trade, owes 
its value, its interest and its danger to three things. First, its 
molecules will combine with any water molecule they can get 
hold of and make ions. 



Sulphu* + watcf-^ Hydro- + hydros- 
ric acid gen sul- onium 

phateion ion 


Secondly, it behaves like a strong acid if it is diluted or if any 
water is about. Thirdly, it can give away some oxygen to another 
molecule and change back to sulphur dioxide and water. 

Most people have seen strong sulphuric acid, a heavy colour- 
less liquid (brown if impure), which pours rather like thin oil. 
It has no smell and gives off no vapour. It does not boil until 
337® C., not far off the temperature of melting lead. The thing 
about it which strikes the imagination is that when mixed with 
cold water it gets very hot. The reason is simply that its mole- 
cules and the water molecules are re-sorting their atoms and 
giving out energy in doing so: the result is that, if sulphuric 
acid and water are slopped into each other anyhow, they may 
boil up violently and injure someone: while hot sulphuric acid 
and hot water if mixed will cause a sort of explosion of steam 
and strong acid. This is one of the chief causes of the few 
laboratory accidents to beginners. There is one, and only one 
safe way of mixing sulphuric acid and water — that is pouring 
a thin stream of cold acid into cold water, stirring all the time. 

The water-snatching habit of sulphuric acid molecules makes 
the strong acid very destructive to almost any kind of organic 
matter. Almost all organic matter has in it the constituent 
elements of water, hydrogen and oxygen. Sulphuric acid seems to 
be able to break up these molecules and combine with this water. 

Drop a little cold sulphuric acid on cotton or paper. A brownish 
colour appears, then shortly after a blackened ragged hole. 
Drop it on woollen cloth and it will be destroyed in a few 
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seconds. If the strong acid falls on your skin, you have from ten 
to thirty seconds to rinse it oflF, and you must flood it with 
water — put it under the tap — because the acid and a little water 
get hot and are worse than the acid alone. If not washed off it 
destroys the skin, and if there is much acid it destroys the cells 
which regenerate true skin, so that the healed wound is a great 
contorted scar. The vitriol-thrower is rightly treated as one of 
the worst of criminals. 

The diluted acid used in accumulators has none of these 
savage properties. You could not drink it safely, but a spot on 
your hand would not give trouble for several minutes. It stains 
one’s clothes red. If it is allowed to dry on clothing, the water 
evaporates and leaves much stronger sulphuric acid which will 
corrode a hole. 

Sulphuric acid diluted with, say, two hundred parts of water 
is quite harmless and tastes very much like lemon juice. The 
danger of sulphuric acid resides largely in its thirst for water: 
slake this and it becomes no more harmful than vinegar. 

The use of sulphuric acid as an acid has already been discussed 
on page 675. Enough to say that it is the cheapest and most 
convenient strong acid and is used wherever a strong acid is 
required. 



CHAPTER XXVIII 


The Metals 

T he various metals are sufficiently alike to be discussed 
together in a single chapter. For chemical purposes, we 
have a very practical way of grouping them. We may class 
them as: 

(i) Tie ^active Metals. These include sodium, potassium, 
calcium and magnesium and four or five rarer elements. These 
act vigorously upon water and produce hydrogen, and so are no 
use for any mechanical purposes. Their compounds like salt, 
saltpetre, chalk and so on are very important indeed. 

(2) Tie Heavy Metals. These are of great practical value; 
they are corroded away by moisture only slowly or not at all. 
They are quickly or slowly changed into oxides when heated 
sufficiently in air, and most of them are corroded fairly easily by 
acids. The most important metals are in this class. Aluminium, 
tin, lead, antimony, copper, zinc, mercury, chromium, iron, 
nickel are among them, 

(5) The Noble Metals include silver, gold, platinum and a 
few rare metals. These may be made white hot without tarnishing 
(or oxidising). They are not alfected by water or most acids. 
Silver is the least “noble’’ because it is corroded by nitric acid or 
hot strong sulphuric acid. 


THE REACTIVE METALS 

These metals are made by electrolysis, but the methods arc 
beyond our scope. Metallic sodium and potassium are only 

680 



Tht Metals 68 1 

met with in chemical laboratories or occasionally in photo-electric 
cells. 

They are very strange materials indeed. They arc quite 
clearly metals, for a clean surface shines like silver: moreover, 
they are very good conductors of electricity. But they are 
qmte remarkably soft and fusible. You can cut a piece of sc^um 
Uke cheese with a wire, you can mould it in your fingers (a 
dangerous trick) like putty. It melts at 97® C., and potassium 
melts at the even lower temperature of 62.5® C., a temperature 
less than that reached under a tropical siml A very odd thing 
occurs when sodium and potassium are mixed. It is said that a 
member of a chemical firm once made some beautiful pure 
bright specimens of these metals to show at a foreign exhibition. 
He packed them, as is necessary, under water-free oil to prevent 
air and moisture from tamisMng them, but he packed them 
in the same bottle. On arrival he found the bottle apparently 
half full of mercury. On investigation he found that the “mer- 
cury” was an alloy of the two metals which is permanently 
liquid at ordinary temperatures. 

But these oddities are nothing to the strangeness of their 
chemical behaviour. If a bit of sodium, the size of a pea, is 
thrown into water, it melts with the heat it produces, and swims 
about at a brisk pace, dwindling all the time and finally dis- 
appearing in about a minute. Soditim swims, because though a 
metal, it is lighter than water. It moves because the caustic 
soda it forms lowers the surface tension of water (p. 93). It 
dwindles because it changes into caustic soda which dissolves 
and hydrogen which escapes. 

© ® 

Sodium 4 water Sodium ions, hydroxyl ions 
and hydrogen gas 

If the sodium is prevented from swimming about — by throwing 
it on to wet sand or blotting-paper, the hydrogen catches alight 
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and burns with a flame coloured brilliantly yellow by sodium 
vapour (pp. 434-436). 

If the lump of sodium is the size of the top joint of your 
finger, it explodes violently, and this experiment should not 
be done, as die performer has a good chance of losing an eye. 
The reason is said to be the explosion of the mixture of hydrogen 
and air, but it does not sound like a gas explosion. Moreover, 
little bits of sodium dropped into water sometimes explode quite 
unexpectedly and dangerously, and there is probably something 
still to be found out about it. 

Potassium behaves much like sodium, but is more violent. 
Calcium is heavier than water and sinks to the bottom and 
produces a steady stream of hydrogen. Magnesium reacts only 
very slowly with water, but too fast to allow it to be used for 
machine parts, etc. 

All these metals burn brilliantly if heated in the ait. Sodium 
burns with a vivid yellow flame, potassium with a vivid violet 
one, calcium with a bright red one. Magnesium, everyone has 
seen burn. It gives a blinding white light which is very good for 
photographic purposes. 

Flash powders are mixtures of magnesium powder with 
something containing a lot of oxygen, usually potassium per- 
manganate. They have been a good deal superseded by the 
new flash lamps described on p. 584. 


THE HEAVY METALS 

There are about a dozen metals in common use. As was 
pointed out in Part I, metals are useful because they are strong, 
fairly hard and very tough, easily cast in moulds and worked on 
the lathe; to these valuable properties may be added their power of 
conducting electricity. 

It is interesting to see why we use so many different metals, 
each one having their merits. Cheapness is a merit, so the cost per 
ton (July, 1935) is given. 
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AJumimum {£ioz a ton) is very light and very strong for its 
weight and, therefore, is used for machine parts, car-bodies, 
aeroplane parts. It is not easily corroded and so is used for pots 
and pans. 

Zim {£14 a ton) is fairly cheap and stands corrosion pretty 
well. Roofing sheets and perforated metal are among its uses, 
but it is most used for coating, “galvanising” iron of which more 
hereafter. 

Lead (£14 a ton) is valuable because it is not affected by 
water or weak acids: because it is very soft and easily bent into 
shape and very fusible — therefore easily cast. Lead pipes and 
lead roofing sheets are its chief uses. 

Tin (£z}o a ton) is too expensive for most jobs. It is used to 
coat iron and prevent it from rusting; also for alloying with other 
metols. 

Antimor^ (£75 a ton) is very brittle. It expands on solidifying, 
and nukes very sharp castings. This property it retains when 
alloyed. Its chief use is for making type-metal. 

Chromium (£^70 a ton) is intensely hard. It does not tarnish 
and is, therefore, very useful for coating iron. Its other use is for 
making stainless steel. Pure chromium could be made feirly 
cheaply, but is so hard as to be almost unworkable. 

Iron (cast iron £} los. a ton: mild steel £i los. a ton). 
Iron is cheap and in.the form of wrought-iron, cast iron and steels 
of various tempers can be made tough, brittle, hard or soft. The 
only strongly magnetic metal. Its greatest disadvantage is rusting. 

Nickel (£zo^ 2 l ton). Fairly hard, very tough, and very 
resistant to heat. Not readily tarnished. It is chiefly used to plate 
on iron and for making tough, strong non-corrodible alloys. 

Copper (£52 a ton). Very tough indeed, fairly strong and an 
excellent conductor of electricity. Not easily corroded. It is 
chiefly used for electrical conductors and for making brass and 
bronze. 

Silver (£4,626 a ton). Too expensive for much use except as 
an ornament. Its chief practical use is to coat mirrors. 

Gold (£228,600 a ton). Since it is absolutely uncorrodible 
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it is used for plates, crowns and fillings in dental work. For the 
rest, it is chiefly used for ornament and money. 

Platinum (£228,600 a ton).^ This metal is uncorrodible and is 
fairly tough and strong. It is used for scientific apparatus and in 
dentistry. It is also used as a catalyst (p. 675) and as jewellery. 

When metals are melted together they usually dissolve in 
each other, and make a mixture called an alloy. It does not 
seem at all certain how far the different atoms in an alloy are 
chemically linked together; for most purposes they behave much 
like a simple mixture of the metals. 

Many of these alloys are more important than the metals which 
make them. Hundreds are used but only half a dozen can claim 
our limited space. 

Most of these alloys are simply made by melting the metals 
together, but stainless steel is made by taking the oxygen from 
mixed iron and chromium oxides which are found as the ore 
chromite. 

Duralumin is extremely light and strong, and is used for 
aeroplane work. It contains 94% aluminixun, 4% copper and i % 
manganese with a trace of silicon. It can be tempered in much the 
same way as steel. It is more than twice as light as steel, and 
weight for weijjht, nearly twice as strong. 

Solder contains lead and tin (p. 70). Plumber’s solder contains 
53% tin: tinman’s solder 50%. 

Stainless steel contains 86% iron, 13% chromium and 1% 
nickel. Very hard and does not rust. 

Bronsy contains about 87^% copper and 12^% tin. Many 
modern bronzes contain iron or nickei. It is extremely strong and 
tough. 

Brass contains about two-thirds copper and one-third zinc. 
It has a beautiful colour, and is very easy to cast and to work on 
the lathe. 

German Silver. A nux-up containing copper, nickel, zinc and tin . 
It is a sort of white brass, and is used as a base for silver-plating. 

^ Platinum is at present abnormally cheap and gold abnormally expensive. 
Platinum is usually about three times the price of gold. 
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HOW METALS ARE MADE 

The making of metals is tremendously important to the 
world. The only metals commonly foimd as actual metal ate 
platinum and gold, though native copper is abundant in some 
parts of the world, and iron is rarely found as meteorites. 

The metals are chiefly found combined with oxygen or sulphur. 
Thus, lead is found as a hard bright metallic-lool^g substance, 
galena, the molecules of which are each made of a lead atom 
linked to a sulphur atom PbS . Iron is often found as rust-red htema- 
tite, which has a giant molecule of “sandwiches” of iron and oxygen 
atoms in the proportion of two to three. The metallurgist 
removes these oxygen or sulphur atoms and leaves the metal. 
Unfortunately, nearly all ores contain more than one metal, so 
that special tricks have to be used to get rid of the ones that are 
not wanted. 

The simplest case is an oxide ore which has metal and oxygen 
in it. This case is well illustrated by tin. Tin is fouiad as tin 
dioxide, tinstone, which has one tin atom to two oxygen atoms. 

Tinstone is not found pure: usually one part of tinstone is 
mixed up with two hundred of rock. This ore is first roughly 
broken, then crushed to a fine mud by dropping on it heavy 
“stamps” weighing 3 cwt. or more. Water flows through the 
boxes in which the ore is crushed and carries the fragments off as 
fine mud. Tinstone is seven times as heavy as water (as heavy as 
iron): the rock is only about as heavy as ordinary stone. The 
result is that the tinstone setdes out of the water far quicker than 
the rock and by running it over a “buddle” — a simple form of 
which is a trough with transverse slats nailed to the bottom — the 
rock mud can be made to flow on and the tinstone stays behind. 

Now, if we have a fairly pure tinstone (some specimens have to 
be purified) we have only to turn it into tin. This is quite easily 
done, for carbon combines with oxygen much more vigorously 



Ourbon -i' tin dioxide give Carbon monoxide and tin 



686 


Tbe World of Science 

than tin does, and so 
will take It away. So the 
tinstone is mixed with 
powdered coal and 
heated in a reverbera- 
tory furnace. Fig. 583. 
The carbon takes the 
oxygen and makes car- 
bon monoxide gas and 
the molten tin is tapped 
mvfSBWATOfw nwNAce. off. It often needs re- 

fining, and this is done 
by a queer process 
called “poling.” The tin is melted and poles of green wood are 
thrust in. The poles give off steam and smoke which bubble 
through the tin and stir it up. The air then seems to combine 
with the impurities, and these rise to the top as a scum. 

The manufacture of iron is one of the world’s most important 
industries. Iron is found as three chief ores, haematite, magnetite 
and ironstone. Now, the first two are composed of iron and 
oxygen, tlie last when heated turns into a compound of iron and 
oxygen, so all three can be smelted in the same way in the blast 
furnace. 

Iron ore, then, is iron oxide (iron linked to oxygen atoms) with 
usually a good many impurities in the forms of compounds of 
sulphur, phosphorus, manganese, arsenic, etc., and a good deal 
of clay or sand — silicates of various kinds. The blast furnace 
takes the oxygen away by means of coal which turns it into carbon 
monoxide and carbon dioxide; it takes the clay and sand and a 
good deal of the other impurities away by means of limestone, 
which makes them into a sort of opaque glass called slag. All that 
is left is iron mixed up with 5 % or so of carbon, sulphur, phos- 
phorus and manganese. This is called cast-iron. 

Blast furnaces have been used for at least 300 years, and arc 
now rather near perfection. Fig. 384 and Plate XXXI show how 
an ironworks is laid out. The blast furnace is a huge tower 90-1 20 
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Fig, 384. — Diagram of a blast furnace, stoves, etc. The air is pumped in at the right- 
hand side, passed through the hot stove (shaded) and is blown into the base of the 
furnace. The gas evolved passes through dust removing apparatus and is in part 
used to heat up the cool stoves (unshaded), and in part to drive the blowing 
engines. The happenings in the furnace itself ate set out in Fig. 385. 


feet high. It is lined with special firebrick. It has a big lead-off 
pipe at the top for gas, and a balanced cone for letting the charge 
of ore enter at the top. 

At the bottom are pipes, “tuydres,” through which a blast of 
hot air is forced into the glowing mass, and two tapping holes 
from which slag and iron are drawn off. The gas which comes 
out of a blast furnace contains some carbon monoxide and will 
bum. Accordingly, it is used to drive the gas-engines which 
pump the ait for the blast. It is also burned in order to heat the 
kilns used to dry the ore. Its chief use, however, is to heat huge 
stoves seventy to a hundred feet high, packed with bricks in 
chequer-work. There are usually four of these. 

The ait which is to go to the furnace is pumped through one 
of these and so heated, which of course enables the bkst-fumace 
to get far hotter than it would otherwise. When the stove has 
cooled down, the air is switched over to another and the cool 
one is heated up by burning more blast-fumace gas in it. 

The ore as it comes from the mine is crushed and dried and 
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mixed with limestone (calcium cat- 
bonate) and coal. The proportions 
vaty, but iz : 3 : 5 might be used. 
A mechanical arrangement carries 
the charge to the top of the furnace 
and tips it in. It soon heats up and 
the carbon monoxide, coming from 
the lower part of the furnace, takes 
the oxygen from the iron oxide, 
leaving iron mixed with limestone, 
coal and earthy matter. As the ore 
travels down it gets hotter. The 
limestone changes into lime and 
carbon dioxide. The lime and the 
earthy matter turn into the slag: 
the carbon dioxide and coal make 
carbon monoxide which travels up 
the furnace. Lower down still, the 
coal bums in the blast of air from 
the “tuyeres” and gives carbon 
monoxide just as it does in a pro- 
ducer (p. Z54): the heat melts both 
the slag and the iron. Melted iron 
is heavier than melted slag, so a 
pool of molten iron settles at the bottom and a pool of slag 
above it. These are run off; the slag into tmcks and the iron into 
moulds of sand. The slag is usually broken up for road- 
mending. 

Cast iron is all very well for heavy castings which do not have 
to bear a bending or tensile strain, e.g., for pillars, low-pressure 
water-mains, lamp-posts, hot-water radiators, bed-plates of 
machinery, etc. But where both strength and toughness is needed, 
we want steel. Steel is iron with perhaps 1% of manganese, 
one-half to one and a half per cent of carbon, and very little 
sulphur or phosphorus. 

Cast iron has much more impurity than this. To turn cast iron 
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fiG, 385. — What happens in the 
different levels of the blast 
furnace. 
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into steel we make the impurities combine with oxygen, which 
they do mote easily than does iron. Once they are oxides, we can 
make them combine with lime or with silica (sand) and make a 
slag. There are several ways of doing this. The open-hearth 
is much the most important, the Bessemer probably the next. 

In the open-hearth process cast iron is melted with iron oxide 
in the form of iron ore. The oxygen of the iron ore and the 
impurities in the 4 ron combine and these with the linin g of the 
furnace (either lime or sand) give a slag. A tremendous tem- 
perature (about ijco” C.) is wanted in a very big furnace for the 
successful operation of the process. 

This temperature could not be reached except on the small scale 
until the principle of regenerative heating was invented. The 
furnace is heated with ordinary producer gas (carbon monoxide, 
etc.), but the gas and air are made red hot before they meet and 



Fig. 386, — The open-hearth steel furnace. 


burn. Consequently, instead of starting at say, 20“ C., and reach- 
ing 1500“ C. by burning, they start at, say, 500° C. and reach 
2000® C.! This is achieved by using the burned gas from the 
furnace to heat brick stoves through which the incoming gas and 
air are then taken. 

This way of making steel only requites cast iron, iron ore, a 
little sand or lime, and heat. It gives a very good uniform 
steel. 

The Bessemer process uses nothing but air and “ganister,” a sort 
of natviral firebrick. The Bessemer converter provides the finest 
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show of fiteworks in industry. 
It is a big steel vessel which is 
swung on trunnions so that its 
contents can be poured out. Its 
bottom is perforated, and a 
powerful blast of air can be 
blown through the holes. The 
principle is to run a charge of 
molten cast iron (often straight 
from the blast furnace) into the 
converter and blow air through 
it. The carbon, the silicon, the 
sulphur, phosphorus and man- 
ganese all burn in the air blast 
and produce oxides. These go 
off as gases or combine with 
the lining to make a slag. 
Almost pure iron is left, and 
to turn this into steel some 
spicgcleisen, a sort of cast 
iron, rich in manganese and 
carbon, is added. This brings 
the composition of the liquid 
mass to the right proportions 
for mild steel, namely about 
98. 5 % iron, 0.4% carbon, 0.9% 
manganese, 0.1% silicon, 0.1% 
phosphorus, 0.06% sulphur. 

On pp. 240-243 some ac- 
count was given of the way in 
which electricity is made for 
aluminium manufacture. The 
process of manufacture now 
demands our attention. Alu- 
minium occurs in the form of 
bauxite — impure aluminium 
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hydroxide. This commonly contains a fait proportion iron and it is 
most important that little iron should be present in the final product. 
The bauxite is heated with caustic soda under pressure which 
turns the aluminium into soluble sodium aluminate Na2A}204 
while iron oxide and other impurities ate undissolved. The clear 
solution is run off and, as it cools, decomposes and deposits pure 
aluminium hydroxide A 1 (OH)s which is filtered off and heated 
leaving pure aluminium oxide AIJO3. 

The furnace is, in principle, like the electroplating bath, 
illustrated in Fig. 168. It consists of a large open tank lined with 
carbon. Carbon resists high temperatures and as it conducts 
electricity can be made the cathode of the cell. The negative pole 
of the dynamo is connected to it. The bath contains melted 
“cryolite” (sodium aluminium fluoride). This is not used up 



Fig. 387. — ^Manufacture of AJuminiuni. 


appreciably; it is the solvent, like the water which dissolves the 
copper sulphate in our plating cell. The heat of the current keeps 
it melted. The anodes of the furnace, connected to the positive 
pole of the dynamo, are of carbon also. The pure aluminium 
oxide, made from the bauxite, is added from time to time and 
dissolves. The electric current decomposes it into aluminium 
which appears at the cathode — the furnace-walls — and collects in 
a molten condition on the floor of the furnace; and oxygen which 
combines with the carbon anodes and produces carbon monoade, 
which bums at the sutfiicc. 
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As a final illustration of the way a metal is won from its otes, 
we may take the example of copper. G)pper is found as coppet 
pyrites, made up of compounds of sulphur with copper and iron, 
llie problem is to get copper without any sulphur or iron. If the 
ore is not too poor, this can be done by the agency of the air 
alone! The ore is dharged into a small blast furnace with some 
sand and just a little coke. 

The ore has two things in it, cupric sulphide — one atom of 
copper to one of sulphur — ^and iron sulphide, one atom of iron to 
one of sulphur. The latter bums more easily, and produces 
sulphur dioxide (p. 672) and iron oxide: this, with the sand makes 
iron silicate which melts to a slag. The copper sulphide loses 
some sulphur and makes cuprous sulphide (two atoms of copper 
to one of sulphur). This melts too; so (just as in iron smelting) 
a layer of melted slag floats above and a pool of melted cuprous 
sulphide (“matte”) lies beneath. This still has a little iron in it. 

The slag is run off first: then the liquid matte is run into a 
converter lined with silica and air is blown through. All the 
sulphur (except a trace) bums to sulphur dioxide; nearly all 
the iron goes to iron slag just as in the blast furnace. The copper 
remains behind and is cast into blocks. It is not pure enough 
for electrical purposes, so it is usually refined by the method 
described on page 302. 

We have said a good deal about the way metals themselves 
behave in Chapter IV. Perhaps no more need be said here. 
The metals, however, have a great many most important com- 
pounds, and some of these must be discussed. A few, such as 
salt and caustic soda have been mentioned already. 
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A Few Compounds of Metals 

CORROSION 

O NE of the chief practical merits or demerits of a metal is its 
freedom from or liability to corrosion. By corrosion we mean 
the gradual eating away of a metal caused by its change into a 
compound of the metal and some other element,' such as oxygen. 
Now, a metal in use will certainly be exposed to moist air, almost 
certainly to liquid water. It may even have to be heated to a 
red heat in air. So, ia metal in use is exposed to oxygen, water 
and carbon dioxide. In towns, it also suffers from attack by 
sulphuretted hydrogen and very dilute sulphuric add (p. 673) 
both derived from coal; near the sea, it also has to withstand salt. 

No metal or alloy except chromium, stainless steel and gold 
and platinum will withstand these conditions in the cold: at a 
red heat, only gold and platinum remain untarnished. Indoors, 
metals corrode very slowly because they are kept dry. Out of 
doors, only chromium and stainless steel and, of course, gold and 
platinum seem to be permanent. Copper and lead have a very 
long life indeed, however. Some lead roofs are hundreds of years 
old and still keeping the weather out. 

It is very unfortunate that iron, the most useful of metals, 
suffers so badly from corrosion and rusting. The iron and steel 
made yearly exceeds a hundred milUon tons; its value is nearly a 
thousand million poimds: the fate of nearly all of it is to be 
destroyed by rust. So, naturally, a great deal of scientific research 
has been centred on &ding out why iron rusts and how it may 
be, at any rate partly, prevented from doing so. 

693 
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Two very simple experiments show what rust is. If you knock 
a chunk or two of rust off an old tank and make it red hot in a 
strong test tube, you see a dew of moisture condensing on the 
cold glass. Chemical tests prove this to be water. If you heat the 
dry rust in a current of hydrogen gas and pass the issuing gases 
through a U-shaped glass tube cooled by an ice and salt mixture, 
you find that water condenses in the U-tube and a black powder 
is left in the heated tube. This powder is iron, as you can show by 
attracting it with a magnet. Now, you put hydrogen Hg 
in and get water HgO out, so the rust must contain iron, oxygen 
and (from the first experiment) water. It is actually a mixture of 
iron oxide and iron hydroxide which is what we should expect 
since it arises from iron, air and water. 

Now, iron won’t rust if it is dry (your 
pocket knife doesn’t rust): it won’t rust 
without air, for if water is boiled till all 
the dissolved air has been carried away 
with the steam, iron will not nist under 
it as long as air is kept out. So, air 
and water are needed for rusting. 

Iron rusts much more quickly in weak 
solutions of salts or acids. Everyone knows how soon iron is 
corroded in sea-water. 

Finally, pure iron rusts far less than impure iron. This is a 
little difficult to illustrate, but it is often possible to sec that 
blacksmiths’ work (chains, hinges on gateposts, etc.) made of the 
purer wrought iron, lasts much better than the cast iron of rain- 
water pipes, door scrapers, etc. 

It has now been fairly well worked out why rusting takes 
place. The villains of the piece are the currents of electrons 
caused by one part of the iron being different from another. 
Turn back to page 295; you will see tliat where two difierent 
metals (carbon acts hke a metal in this respect) touch in presence 
of a liquid which conducts electricity, a current of elertricity 
flows and one metal changes into ions and dissolves. In the 
Leclanche battery, the zinc changes to zinc ions and electrons 








Fe,0, 


Fe(OH), 


Fig. 388. — Rust is a mix- 
ture of these. 
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flow through the wires from the ainc to the carbon. Now, 
suppose we have a chunk of cast iron with a speck of carbon — 
a very common impurity — embedded in it. And suppose this 
has a drop of water, impure enough to conduct electricity well, 
sitting on it. Suppose the impurity is a trace of salt — any other 
impurity of the kind will do. What happens? The iron atoms 
lose two elearons each and so change into “ferrous ions” which 
dissolve in the water. The electrons flow round, through the 
metal, to the carbon where they turn the sodium ions into 



Stage I . Electrons (bottom) flow from 
iron atoms to the speck of car- 
bon (black). The iron atoms turn 
into iron ions (marked with cross) 
which dissolve. The positive ions 
begin to migrate to the carbon and 
the negative ones to the rest of the 
metal. 


Stage IL The electrons each turn a 
sodium ion into a sodium atom, 
lliis with water (p. 663) gives a 
sodium ion. a hydroxyl ion and a 
hydrogen atom. 



Stage m. The hydroxyl ions formed 
in State II, the iron ions, and oxy- 
gen from the air all meet and make 
ferric hydroxide — rust. 

Fig. 589. — Kusting of iron. 
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sodium atoms. The sodium atoms and water give sodium ions 
once more, hydroxyl ions, and hydrogen (p. 663). Now the 
ferrous ions meet the hydroxyl ions and some oxygen from the air 
and all three combine and make rttf/, iron hydroxide. Fig. 389 
may make this clearer. 

It is, perhaps, rather a complicated story, but it is not difHcult 
to remember that for rusting is needed air, not quite pure water, 
and something to make an electric current in the iron. That 
something nuy be a speck of carbon or of some metal less easily 
corroded than iron. You have probably seen iron railings set in 
lead corroded almost to nothing where they meet the lead, but 
fairly intact up above. The lead takes the place of the carbon 
in Fig. 389 and makes the iron rust faster. Differences in the 
liquid in contact with the iron can cause a current too. If a part 
of the iron is exposed to water and plenty of air and another 
part to water without much air, a current of electrons goes from 
the protected part to the exposed part, and so the protected part 

rusts more than the other. This causes 
a great deal of trouble, for it makes a 
rust spot corrode worst at the deepest 
part and so "pit” into a hole. 

To protect iron from rusting we 
Fig. 390.— Iron tusts most cover it Up. Sometimes paint is used. 

quickly at the deepest part This, unfess it is Scratched or imper- 

scantiest. Hence rust^Vr it. feet, excludes air and twater. Once rust 
gets to work in a scratch, it spreads, 
for under the paint there is little air, and in the scratch ^ere is 
much ait — so the corrosion is most rapid beneath the paint at the 
edges of the scratch. Other ways of protecting iron are galvanis- 
ing it— coating with zinc — and tinning it — coating with tin. 

To galvanise iron, it is cleaned and dipped into molten zinc. 
Giicken wire, corrugated iron, ordinary pails are all galvanised. 
This is a very good rust protection because zinc is only slowly 
corroded if there is no acid about. And, best of all, electrons 
flow from zinc to iron. So, if a scratch is made, it is the zinc 
that corrodes and until the zinc has all gone, the iron does not 
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rust. The trouble with galvanised metal is that the acid air of 
towns rapidly corrodes it away. In the country, however, it has a 
long life. 

Tinned iron stands weak acid well. Ordinary tins can be used 
for fruit: galvanised iron would be corroded through very soon. 
“Tins” also have a brilliant appearance, while galvanised iron is 
dull. But once a tin is scratched it rusts far quicker in a wet 
place than unprotected iron, for the electrons flow from the iron 
to the tin which acts like the carbon in Fig. 389. 

Stainless steel, so to speak, provides its own paint. Air and 
water convert its surface into a combination of iron and chromium 
oxides. These make a very thin coating which is invisible, 
transparent, waterproof and very hard: if broken, it forms again 
and seals up the hole. If stainless steel were as cheap as ordinary 
Steel, nothing else would be used, but it is many times as 
expensive. 

An interesting half-hour can be spent looking at remains of 
Roman or earlier metal work. 

The iron and steel is almost rusted away. Bronze and copper 
are thickly coated with a green compound containing copper, 
sulphur (or chlorine) and oxygen. Lead is not greatly altered. 
Silver is black with silver sulphide, but gold shines out as 
brilliantly as it shone when the artificer beat it into shape. 

OXIDES 

Metals, in general, form compounds witli oxygen called oxides, 
and with oxygen and hydrogen called hydroxides. They also 
form “salts,” which are associations of positive metal ions 
(atoms lacking one, two or three electrons) with negative ions 
(atoms or groups of atoms with from one to four extra electrons). 
These salts are usually made from acids and metals, or acids and 
oxides. 

The oxides of the metals ate quite important in their way. 
Most of them can be made by making the metal red-hot or white- 
hot in a good supply of air. 
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They are mostly earthy powders, absolutely unlike either a 
metal or oxygeni Some few are familiar to us. 2 itic oxide is the 
solid part of zinc ointment; one of the oxides of lead — red lead — 
colours pillar-boxes red. Tin oxide gives white glass the milky 
appearance familiar in lampshades, etc. Arsenic oxide is the 
“arsenic’’ used as a poison and a weed-killer. Titanium oxide is 
used as a white pigment. Chromium oxide is the commonest 
green pigment. There are two common 
iron oxides. The red oxide is the chief 
constituent of rust and also of the useful 
ore of iron, haematite. When ground witli 
oil it makes the familiar red-brown paint 
used on bridges, gasometers and places 
where cheapness matters more than beauty. 
The other is the lodestone (p. 309), but is 
more familiar as the black scale seen on iron 
which has been made red-hot. Aluminium 
oxide is worth a few pounds a tun as 
“bauxite,” used for making aluminium, but 
if crystallised and coloured with a little 
chromium oxide or iron and titanium 
oxides, it is worth thousands of pounds 
an ounce as ruby or sapphire. Naturally, 
as soon as chemists knew what these gems 
were made of, they tried to make them 
artificially. 

Attempts were made to dissolve alu- 
minium oxide in melted lead oxide and 
let it crystallise out on cooling: this method 
produced rubies: but these unfortunately 
appeared as very thin plates — useless for 
Fig. 391. — ^Vemeuirs ap- jewellery . 

paratus for making The problem was solved by Verncuil in 
rubies. (Courtesy of t t ^ 1 / • 

Messrs. Masson Sc ^ 9 ^ 4 - He set Up the apparatus shown m 

Cic., Paris; from Us 291, by which aluminium oxide with 

Atmales de Chtmit €t de r \ i • j . r n 

a trace of chromium oxide is made to fall 
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into an oxyhydrogen flame at over 2000° C. The powdered alu- 
minium and chromium oxides are put in a little box P with a wire 
gauze bottom. The tapping magnet and hammer (A, B, M) (like an 
electric bell) gently shake a slow stream of powder from it. Oxygen 
from a cylinder enters at O and coal gas at H. Where these meet they 
burn with an intensely hot flame: the powder travels into the flame 
with the oxygen, melts, and sticks to a little rod of alumina R 
and forms a mass of ruby. By shifting the supports by means of 
the screws K and V a pear-shaped ruby can be built up. This is a 
true ruby crystal and can only be distinguished from the natural 
ruby by microscopic bubbles entangled in it. 

The result of the process has been to decrease the popularity 
and value of rubies, since only experts can discover the imitation. 
Diamonds keep their price so well because any amateur can tell 
diamond from “paste.” 

But perhaps the most important of all oxides is lime, the oxide 
of calcium. Gilcium is a very common element. Most of the 
calcium in the world is in the form of vast masses of calcium 
carbonate. Gilcium carbonate, whatever its source, is a pattern of 
calcium ions and carbonate ions; its lay-out appears in Fig. i^ia. 
I'herc is always one carbonate ion to a calcium ion, and so we can 
call its formula QiCOs. In the drawing there would appear to be 8 
calcium ions to one carbonate ion. But the unit of pattern shown 
has its one carbonate ion to itself, whereas at each corner 8 “unit 
cells” meet and share a calcium ion, giving each a one-eighth share 
of 8 calcium ions, which is of course one such ion. It is interesting 


Fig, — The unit cell of a 

calcium carbonate crystal. 
White circles are calcium 
atoms» shaded circles oxygen 
atoms, black circle carbon ( 
atom. The crystal is en- 
tirely made up of this 
pattern of atoms repeated in 
every direction. 



to note that the angles of the cleavage fragments of Plate II 
are the same as those of the tiny “unit ceil” here figured. Pure 
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calcium carbonate is pretty rare and rather valuable, for it occurs 
as beautiful water-white crystals of Iceland spar, which have 
certain optical properties which make them much sought after. 

The vast mass of it is found as billions of tons of limestone and 
chalk which have been entirely made by shell-forming water- 
beasts. It is also found crystallised as marble and one or two 
other minerals. Marble clearly started like limestone, but it is not 
very certain how it became crystallised. It may have been sub- 
jected to heat and pressure in Ae depth of the earth. 

You may object, however, that even if the improbable story 
about hills of chalk being made by sea-beasts is true, they must 
have got the calcium from somewhere. That is qixite true. There 
is some calcium in volcanic rocks and “gypsum,” calcium sulphate, 
is a common mineral: these probably supplied the calcium to the 
primaeval seas. It is not difficult to see that chalk was actually 
made by tiny sea shells. Plate ooo is a microphotograph of some 
chalk and the tiny shells are there for you to see. 

The first really important thing about calcium carbonate is its 
use as building stone: most houses which arc not built of brick are 
built of limestone. Of our great cathedrals the great majority are 
of limestone: Winchester and Lincoln and Gloucester are good 
examples. Qialk is too soft for building, but the hard limestones 
are nearly perfect. They do not split like slate, they are hard 
enough to stand weather but soft enough to be easily cut and 
carved. They weather to bcautifiU and mellow colours. 

The second important use of chalk or limestone is to make lime 
which is used on the soil as a fertiliser, aiid in the building trade 
to make mortar and plaster. 

Lime is made by heating chalk. The simple old way was to dig 
a pit in the side of a hill and make a draught-hole at the bottom. 

O O 

\ / + - 
[Ca]-H- C ► [Ca]+ [O]- 4-0-C=0 


O 
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The pit was filled with lumps of chalk and fuel: this was lighted 
and left to bum out. The chalk at 1000“ C. and higher gave up its 
carbon dioxide gas and left calcium oxide, quicklime, behind. 

The lime often contained a little chalk and always some ash: but 
this did no harm. To-day, lime-kilns are towers rather like blast- 
furnaces. The chalk is fed in at the top. Producer gas and air are 
led into the tower about one-third of the way up and there burn 
among the lumps of chalk: the lime is raked out at the bottom. 

Quicklime is a bard, stony white solid: when it is wetted it falls 
to a soft white powder called slaked lime, and this is the sort of 
lime we use. It is made of two hydroxyl ions to every calcium ion. 

H 

+ - / + [OH]- 

[Ca]+ [()]- -t- O ► [Ca]+ 

\ lOH]- 

H 

Quicklime water slaked lime 

Wlien this is ploughed or dug into the soil it does three things. 
It combines with the acids in a “sour” soil: most plants dislike an 
r.cid soil and thrive better if it is limed. However, some wood- 
land and garden plants, rhododendrons, azaleas, camellias, and 
many lilies thrive in an acid soil and perish where lime abounds. 
All English farm crops, however, prefer a non-acid soil. Lime also 
nukes heavy soils lighter. Clay consists of minute grains of rock 
(usually sand) bound together by a sticky “clay-substance,” 
probably aluminium silicate. If a lime is worked into such a soil, 
it combines with some of the “clay-substance” and nukes the soil 
less sticky. It also helps to release some of tire plant foods like 
potash by turning them out of insoluble compounds that the plant 
cannot use. 

Builders nowadays use lime-mortar but little. "^The old rhyme that 

“Lime and sand and water 
Make a very good mortar” 

is true enough, but mortar made with cement instead of lime is so 
much stronger than lime-mortar that a brick wall can be nude 



702 Th World of Science 

much thinner if cement-mortar is used: this saves the builder 
money! 

But plaster is still used for floors and ceilings, and this is very 
nearly the same thing as mortar. The builder makes plaster by 
slaking lime and mixing it with water, more or less sand and 
some cow-hair (to stop it cracking). This plaster of the con- 
sistency of mud, is used to line walls and ceilings. 

Why does it harden? First of all, it dries and hardens just like 
mud does. Mud walls are common enough in many parts of the 
world. But the carbon dioxide in the air takes a hand too. It 
turns the wet lime into chalk and the chalk crystallises between 
the lime grains and so binds all together. Plaster is weak stuff and 
very slow to set : it keeps in favour, however, because the possible 
substitutes are more expensive or, like Portland cement, cold and 
not porous enough, so that in certain states of the weather, water 
condenses on them and trickles down — a depressing sight. 

Plaster of paris is very useful for casts which need have little 
strength. It is made by gently heating gypsum or alabaster, 
which is a compound of calcium sulphate and water, till nearly 
all the water is given off. This gives a dry white powder. If this 
is mixed to a cream with water, it sets in five minutes to a hard 
mass of very fine interlacing needles of another compound of 
calcium sulphate and water. 

Cement is the characteristic building material of the twentieth 
century, and its manufacture is a gigantic industry. The materials 
from which cement is made are clay and chalk. Sometimes these 
are found ready mixed as “marl,” more often they are separately 
quarried. These materials are ground with water so as to make a 
thin mud or “slurry.” This mud is fed into a rotary kiln, a huge 
cylinder as big as a factory chimney, 8-14 feet wide arid from 150 
to 3 50 feet long. It is gently sloped and slowly rotates so that the 
slurry works its way from the top to the bottom. Into the bottom 
end a huge flame 40 or jo feet in length is driven by a pulverised 
coal burner. The hot end of the kiln may be at 1500® C. This 
toasts the chalk and clay to cement, which emerges as hard stony 
pebbles as big as marbles. It is now cooled and then ground, 




Fig. 392. — A totary cement kiln. 
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Blast -furnace plant. 'T, pipe supplyinji^ blast. C, conveyor 
b»r hoisting ore. li, blast-furnace. ID, dust-catchcr to 
rennivc most <jf dust. O, ^as main from furnace to ID. 
i*as mam from ID to S, S, S, S \\ , washer removing' 

all dust from the part of the fjas to be used to drive the 
blowinj' enf^incs. (By courtesy of ^Messrs. Newton 
Chambers & Co., Sheffield.) 



Pouring? off sla^ from a ladle full of molten steel. (By 
courtesy of the ILisen-und-Huttenwcrke, Akt., Bochum, 

Cfcrmany.) 
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Stalactites^ stalu^niitcs an*l ^*thcr format ic m is m a limc- 
stf’jnc cave. (By roiirtcsv or Messrs, (^ave, I, Hi., 

( .hcfl<lar, anti Mt ssrs. hrith tSt < »*., Ltd , KeiL^ate.; 
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usually in a tube mill, a strong steel cylinder partly filled with 
steel balls which, fidling one over the other, rapidly reduce the 
cement to the finest dust. It is essential that it should be very 
fine and accordingly Standard Portland cement is ground 
until 95 % will go through a sieve with 28,900 holes to the square 
inch. 

The reason why cement sets is not really understood. It seems 
to dissolve slowly in the water and combine with it, forming other 
compounds which crystallise out again as hard microscopic 
interlacing crystals. 

Everyone has seen cement used. It is only necessary to point 
out its great strength to indicate why the modern world is 
building in steel and cement. If its appearance could be made a 
little better without increasing its cost, it would put the crown 
on its merits. 

Lack of space forbids the discussion of literally hundreds of 
interesting compounds of the metals; soda, Epsom salts, alum, 
lead acetate, copper sulphate, arsenic are a few of these. But 
chemistry is a science which mainly consists of innumerable facts 
just as physics mainly consists of a few principles and a great deal 
ot reasoning. 

So, 1 must pass on to the study of the vast liarth beneath us, 
and the unimaginable immensities of space. 



PART V 


THE EARTH AND HEAVENS 


CHAPTER XXX 
The Earth as a Whole 

THE SCIENCE OF GEOLOGY 

O UR survey of Science has now reached its first stige. 

We have studied all the fundamental factors; first, electrons, 
protons, neutrons, atoms, molecules, solids, liquids, gases and 
their heat-motions: secondly, energy in all its forms, especially in 
the form of radiation. In the earth, in the stars, in the body of 
man we have not discovered any other kind of matter or of 
energy: our material would, therefore, appear to be sufficient, if 
we apply it aright, to allow us to frame some working hypothesis 
as to the nature of the universe around us. There are, of course, 
many things on earth, in the heavens, and in ourselves which we 
do not understand; but so far science has not needed to suppose 
that any forms of matter and energy other than those wc know of 
are to be found in them. 

The study of Geology, our knowledge of the Earth, has had 
an outstanding and, indeed, quite disproportionate effect on 
human thought. In the years preceding 1850 men had made 
many most important discoveries in physics, chemistry and 
biology. The public and the powers that were welcomed most of 
these discoveries as a token of Man^s good use of his natural 
gifts: at worst the new discoveries aroused ridicule or mild 
reprobation. 

But geology, in the nineteenth century, provoked a fierce, 
lengthy and wide-spread controversy. In short, the geologists 
adduced convincing evidence that the account of Creation set 
down in the Bible was historically untrue. To us, to-day, it seems 
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incredible that the book of Genesis could ever have been held 
to be scientifically accurate, but the great majority of civilised 
people seem to have read it as being literally and word-for-word 
correct. In an earlier age, the geologists might have been burned 
or banished, but in the nineteenth century the scientific habit of 
thought and the freedom of discussion were not to be repressed. 
The bitter controversy that ensued ended in a tacit victory for the 
scientific view. Its final result has been that, to-day, the historical 
truth of all the facts in the Bible is maintained by only about as 
many people as believe in a flat earth. Of the educated population 
of the world a considerable proportion believe neither in a God 
nor a future life: while hardly any believe in the real existence of 
such a God as the man-like Jehovah of the Old Testament. Men 
of Science, with few exceptions, do not consider the question of 
the literal truth of the Biblical account of Creation to be worth 
discussing, since there is no evidence for, and much against, it. 
The existence of a God, they regard, from the point of view of 
facts, as unproven. The thinking religious man with a scientific 
training would agree: for his knowledge of God he would look 
into his own mind, not out into the world of matter and energy. 

The thunders of religious controversy have died away; and 
the geologist to-day continues to extend his knowledge of the 
history of the Earth and its functions, undisturbed by the ful- 
minations of bishops and the rejoinders of professors. Geology 
has, like most sciences, both a pure and an applied side: thus it is 
not only exceedingly interesting but is also of the greatest 
practical value for the study of the earth’s past and present, and 
for the tracing of lodes of metallic ores, seams of coal, under- 
ground water and so forth. 


SIZE AND SHAPE OF THE EARTH 

In our study of the earth, our first task is to find its shape, its 
size and its weight. Men tmew some 2,500 years ago that the 
earth was a sphere, though subsequently the knowledge was for a 
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long time lost. Aristotle gives many reasons for the belief, some 
good, some bad. Everyone knows to-day that the “world is 
round.” I suggest to you that, before reading further, you ask 
yourself why you believe it. The reasons usually given are the 
following. 

First of all, the earth can be circumnavigated. It is said that if 
you sail due westward, you will finally get back to the place 
from which you started. This is not so simple as it sounds. You 
can’t sail a ship due westward or in any direction continuously, 
because the land interferes. Moreover, if the north magnetic pole 
were in the centre of a flat circular earth (Fig. 393), and a ship was 
sailed westward by the compass, it would come back to its starting 
poind A better piece of evidence is that the curvature of the earth 

is obvious from the way a 

^ ship comes into sight over 
^ the horiaon, first masts, then 
y hull. This shows that the 
earth is curved, but not that 
it is a sphere. The fact that 
the earA’s surface is limited 
and that you never come to the edge of it also shows that it is 
some sort of rounded solid. 

The fact that the force of gravitation is everjrwhere ap- 
proximately the same and directed vertically downwards shows 
the earth must be a sphere. 


N 

Fig. 393. — Citcumnavigation on a flat eartb. 
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Pic. 394. — the earth weie a disc the plumb- 
bob would hang vertically only at its centte. 


Thus, if it were cake- 
shaped, as some of the 
Greek philosophers 
believed, a plumb bob 
(which would always point 
to the centte of gravity) 
would hang at diflercnt angles to the surface of the earth in 
different parts. 

A really good piece of evidence, however, is seen when there 
is an eclipse of the moon. This means (Fig. 269) that the earth’s 
shadow is thrown on to the face of the moon. Now, the edge of 
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the shadow is always an ate of a dtcle, and there is only one solid, 
which, however you may twist and turn it, always gives a circular 
shadow: this solid is a sphere. 

Lastly, we have the feet that for every z,ooo miles you travel to 
the south, the polestar appears 30 degrees lower in the sky till, 
south of the equator, it is invisible. This could only happen on a 


n t I t 



On a flat earth the Pole-star, if enorm- On a spherical earth (right) 

ously distant (left), would not appear to at the end of each suc- 

shift as the observer travelled away from cessive journey of 2,000 

the pole. If it were not very distant miles southward from 

(centre) it would shift but each successive the pole, the Pole-star 

journey of, say, 2,000 miles would cause a sinks by 50^ and Anally 

smaller shift than the previous one. The becomes invisible. 

Pole-star would nowhere be invisible. 

Fig. 59$. — Evidence for a spherical earth. 

spherical earth. If the earth were flat and the Pole-star an enormous 
way above it, the Pole-star would seem to be overhead wherever 
the watcher stood. If the Pole-star was fairly near, it would seem 
to drop in the sky as you travelled from the pole, but the first 
2,000 miles would make a much greater difference than the next 
2,000 and however fiir from the pole you were you could sdll see it. 

The last piece of evidence shows us a way of measuring the size 
of the earth. Suppose we see a star exactly overhead at Harrogate, 
and at the samp time a man at Winchester, 200 nailes south of 
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Harrogate, has to point his telescope T 
3® away from the vertical to see it. Then, 
since the angle marked X is obviously 
die same as the angle marked O, the 
angle from Harrogate to the centre of 
the earth and back to Winchester must 
be 3°. Now, a full circle is 360“, so the 
distance between Harrogate and Win- 
chester must be just -3 ^ of the circum- 
ference of the earth. Harrogate is 200 
miles from Winchester; so 200 miles 
is ^33 of the earth’s circumference. 
Accordingly, the earth’s circumference 

is 200 X = 24,000 miles. The cliief 
3 

difficulty in doing this exactly is the 
measurement of the distance between 
two places a long way apart. The way 
this is done is a bit beyond our scope. 
Error is also introduced by the fact tlut 
the earth is not a perfect sphere, but 
for this corrections can be made. 

Measurements of this kind show that the earth has a radius of 
6,378,588 metres (3,963 miles) measured from equator to centre. 
From pole to centre it is less by ^ Jiy, so diat its shape is that of a 
sphere flattened a litde at the poles. Of course, this radius is 
measured to sea-level, and in all these calculations it is supposed 
that the earth is perfectly smooth and of sea-level throughout, 
which is not quite true. It is not far out though, for if the earth 
were reduced to the siae of a football, the highest mountains 
would appear about as high as the thickness of three or four 
sheets of paper on which this book is printed, and the deepest 
gulfs of the sea would be a film of moisture a little thicker than this. 

The highest parts of the earth arc obviously the continents and 
the lowest are the sea bottoms. These are arranged roughly like 
the sides of a tetrahedron, so that the earth can be thought of as 
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Fxg. 397. — ^Th« earth u a tetiahedron« 


very slightly flattened in the places where the sides of a tetrahedron 
would come, and very slightly raised where the .corners would 
come. But the idea of a “tetrahedral” earth fades rather when 
you realise that the flattenings and raisings would be invisible on 
a scale model the si2e of a football. 

The weight of the earth we have already discussed. It is 
approximately 6 x 10®^ (six thousand milUon million million) 
tons. Now, this is very nearly 6 x io»’ grams. The volume of the 

earth can easily be calculated. It is -. 7r.(637,838,8oo)®,that is 1.08 

5 

X 10®’ cubic centimetres. So, a cubic centimetre of the earth-stuff 

on an average weighs ^ ^ — - — 3.5. grams. But oddly 

enough, a cubic centimetre of granite or any average rock taken 
from its surface weighs less than three grams. The conclusion 
is that the earth must have a very heavy centre since its outside 
crust is so much lighter than the average of the whole. We 
shall see that there is a good deal of evidence that this is true. 

MOTION OF THE EARTH 

That the earth is rotating and also revolving in an orbit 
round the sun appears from the observation that every heavenly 
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object seems to be moving steadily across the sky. The position 
in the sky where the stars appear each night can be ei^lained 
by supposing that the earth stays still and everything else is 
moving in a rather complicated way. It is much simpler, how- 
ever, to suppose that the earth moves and the stars (which we 
know for o^er reasons are enormously distant) ate so far olf 
that they seem still. A man in a balloon (which always spins 
slowly round and round) sees the whole world gently turning 
below him. He prefers to believe, however, that he is the one 
who is spinning. This is what the astronomers since G>pernicus 
{c. 1 5 30) have preferred to think about the earth. 

The most ^ect evidence that the earth is rotating is given 
by a large gyroscope which, as is explained on p. 169, keeps 
its axle pointing the same way however the earth which supports 
it may move. 

The earth spins on its axis at a wonderfully steady rate. No 
clock is accurate enough to check it; it is used instead to check 
the clocks. At the most, it may vary as much as a nunute in a 
hundred years — speeding up and then slowing down. Probably, 
on an average, it is slowing down, and some measurements 
appear to show that each day is about second longer 

than the same day a year before. But this is probably an over- 
estimate. The earth is very probably 3,000,000,000 years old. 
There is evidence that the earth’s time of rotation has decreased 
by some four hours during geological time. This corresponds 
to an average increase of second, not second as 

above. 

The relation of the earth to its neighbours in space will be 



Fig. ^98. — ^How the inclination of the eatth'a 
axis causes summer and winter. 


mentioned later, but we 
may take for granted that 
it revolves round the sun 
and see how this explains 
the seasons. 

Granted then that the 
earth revolves in an orbit 
which is nearly a circle 
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with the $un at its centre, it is easy to see why we have 
the alternation of summer and winter on which much 
of the world’s weather depends. The axis of the earth, about 
which it turns, is not at right angles to the plane of its orbit, but 
is inclined at about 23^° to it. Consequently, at one period of the 
year, the sun at nud-day is overhead in certain places north of 
the equator. The northern hemisphere then gets most of the 
sun, and it is summer there and winter in the southern hemisphere. 
Six months later affairs are reversed. If the earth’s axis were 
at right angles to the plane of its orbit, a perfectly equable 
climate without seasons would result. 

It would seem reasonable to expect that the axis of the spinning 
earth, like the axle of a gyroscope, would remain pointing in the 
same direction while the earth itself revolved. This is nearly 
true, but not quite, for the 
earth is slightly ^ttened at the 

poles. The sim is always 

pulling the “bulge” of the 
equator towards the plane of Jy/, 

the orbit. This makes the 
earth “precess” like a gyro- 

scope (p. 170), and its axis W 

shifts round and round like a ^ 

wobbly top, a complete wobble f,©. 599.— The earth as a gyroscope, 
taking 23,800 years. 

The axis of the earth now points only about 1° away from the 
north-star. In the time of the Greeks it was 12® from it, and 
1 3,000 years ago it was 47® from it, and our neolithic ancestors 
must then have seen many of the stats which are now only 
visible from southern latitudes. 


pa// on 
nt^r bu/ye 


w/th fhtten/a^ ^ 
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The Air 

AIR AND WIND 

T he earth is obviously made up of three layers, a layer of 
gas — the atmosphere: a layer of liquid — the sea: and a layer 
of solid — the crust. Within this are further ‘"layers*" not visible to 
the eye. 

The atmosphere is of tremendous significance for geology. 
Without it, the earth would be like the lava fields of a volcano — 
hard contorted rocks. It is the air and its water vapour con- 
densing to form rain which has worn away the hard volcanic 
rocks into the sands, clays, slates from which are derived the 
kindly soils on which plants, and the animals that feed on them, 
can live. It is sensible then to try to understand wind and cloud, 
rain and snow before considering the story of the rocks. 

A huge sea of air envelopes the globe. It is made up of some 
78% nitrogen and 21% of oxygen with 1% of argon, a variable 
amount (0-5%) of water vapour, and very small amounts of 
carbon dioxide and many other gases. It stretches above us for 
some five hundred miles, rapidly thinning out as we rise. When 
we are three and a half miles up, half the air is below us and 
half above. If all the air above us was compressed till it was as 
dense as the air at sea-level, it would be approximately five miles 
(nearly 8 kilometres) high. Now, the area of the earth is just 
about 500,000,000 square kilometres, so if the air were uniformly 
dense and eight kilometres deep, there would be 4,000,000,000 
cubic kilometres of it. This is 4 X lo^* cubic centimetres. 

Now, 1,000 cubic centimetres of air at normal pressure and 
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temperature weigh about a gram, so the world’s air weighs 4 x 
10** grams or nearly 4 x 10“ =4,000,000,000,000,000 tons. 
If this contained only i % of water vapour, it would contain about 
forty billion tons of water — enough to cover the whole world 
about four inches deep (but not enough for Noah’s floodi). It is 
not surprising then that the atmosphere can make all the water of 
the world everlastingly circulate between sea and mountain. 

“The wind bloweth where it listeth, and thou hearest the 
sound thereof but canst not tell whence it cometh or whither it 
goeth.” 

It is only in the last hundred and fifty years that we have begun 
to understand the great winds of the world, much less the small 
eddies that bring the rain to our islands. 

A very rough and idealised picture of the world’s winds is 
given in Fig. 400. The poles and equators are calm. The winds 
blow west to east in the belt nearest 
jhe poles. Then comes a region of 
calms, the doldrums or horse-latitudes; 
then a region where the winds blow 
from east to west — the trade winds. 

At the equator again there is calm. 

This is of course a much simplified 
scheme, for eddies which we call 
cyclones or anti-cyclones arc formed. 

The winds are much more regular at 
sea than over the land, where the hills 400.— A mud simplifid 

, , , . , , , , representation of the world s 

and the patches of hot and cold wmds. 
ground disturb them greatly. 

The reason for this system of belts of air moving westward and 
toward the poles, and belts moving eastward toward the equator 
is fairly simple. Our enquiry splits into two questions. First, 
why does the air move? Secondly, why does it take these 
directions? 

The reason why the air moves is that the poles are cold and 
the equator is hot. Hot air is therefore rising from the equator 
and its place is being supplied by air from north and south. 
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Fig. 401. — How the winds might blow if 
the earth weie not rotating. 
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Airis being cooled at the poles 
and flows downward and out- 
ward, its place being taken by 
. air from above. Accordingly, 
^ ' we might expect an air drcu- 
lation as in Fig. 401, but in 
^ actual fact we do not get it 
/ ) because the earth is rotating. 

However, the idea has a germ 
of truth in it. Let us see what 
the idea will do if we add to it 
the notion of a rotating earth. 
First, the earth’s surface is 
moving fastest at the equator 
(a thousand miles an hour) and 
is not moving at all at the poles. Secondly, there is centrifugal 
force driving the air from the poles to the equator, the force 
getting greater as we get further from the pole. Now let us start 
at the equator and work out how the winds would be likely to 
blow. Look at Fig. 402. 

At the equator it is hot and air rises straight off the sea. The 
centrifugal force does not tend to drive lie air any way but 
upwards. So at the equator there is comparative calm. Air 
must flow in from the north and south to take the place of that 
which rises. Now suppose the inflowing air starts from a 
thousand miles north. This air, rotating with the earth wiU be 
travelling, say, at 900 miles an hour to the cast: when the air has 
reached the equator it will still be travelling (neglecting friction) 
at 900 miles an hour. But tlie earth at the equator is travelling at 
1,000 miles an hour, so that this air is being left behind by the 
earth and therefore appears to be moving the opposite way, that 
is, from cast to west, just as the air appears to anyone in a train to 
be blowing violently in a direction opposite to that of the train’s 
movement. So our air moves to the equator from the north to 
die south and wests and is, therefore, a north-east wind. For 
just die same reason, the air moving to the equator from the 
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south is a south-east wind. 

Of course these winds do 
not move at anything like 
the pace which the earth’s 
rotation would be expected 
to give them. Friction 
slows them. 

Hot air is all the while 
rising from the equator and 
flowing north and south: 
this air as it travels leaves 
the earth behind and, as it 
flows over the inflowing 
air, moves in an easterly 
direction as it goes both 
north and south. The surface currents are the “trades” and the 
upper ones the “anti-trades.” 

Now, let us look at what happens at the poles. Consider the 
north pole first. The equator is lifting its hot air and pushing it 
in these upper currents towards the middle latitudes 50® to 55“. 
As this air comes north, it is opposed by the currents of upper air 
driven out from the poles by the centri&gal force of the spinning 
earth. So, we get a “heap of dr” giving a high pressure in 
latitudes 50® to 3 5®. This ait escapes along the earth’s surface as a 
lower current travelling partly towards the equator and partly 
towards the pole. So air flows from latitudes 30-35° towards the 
poles. It starts with the velocity of the earth’s surface in latitudes 
30-33®, say 330 miles an hour. It is flowing to the polar regions 
where the earth moves slower so the north-moving air moves 
faster to the east than the earth does; consequently it catches up 
on the earth and blows from the south-west as it goes to the north 
pole and from the north-west as it goes to the south pole. 

The map in Fig. 402 gives the course of the winds for a rotating 
earth which gets steadily hotter from poles to equator. The 
winds are a lot more complicated than this in actual fact, because, 
first, they form eddies and secondly, temperature does not fell 
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Fig. 402. — How differences of temperature 
and the rotation of the earth cause the main 
air^currents. 
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off steadily from eqiiator to pole. These secondary effects are 
very well shown by the monsoons which blow one way for half 
the year and the other way for the other half. The Asiatic 
monsoon is caused by Siberia, which becomes intensely cold in 
winter and hot in summer. Thus, in winter, cold air flows out- 
ward from it to the south. It is left behind by the earth and so 
blows to the west. So a north-east wind blows round the Qiina 
Sea, Codiin Giina and the Indian Ocean. In the summer 
Siberia is hot and air rises off it causing air to flow inward to 
take its place. Consequently a south-west wind blows round the 
Indian Ocean and China. 

The air has, probably, for many million years past, always 
circulated in this way, for the poles have always been colder than 
the equator, and the earth has always been rotating. The oceans 
have certainly existed for an enormous period and, therefore, 
the causes of tain have been at work throughout all geological 
time. 


RAIN 

Why does it rain? The reason is that water evaporates, whether 
from sea or lake, until the ^ above it contains a certain fixed 
proportion of water vapour depending on the temperature. Thus, 
at 45° F. air cannot contain more than i% water vapour by 
volume; at 62.5® F., it can contain only 2%; at 76“ F., 3%. So if 
air at 76® F. rests above a sub-tropical sea (also we suppose at 
76® F.) the air may take up anything up to 3% of water vapour. 
Actually, the air rarely takes up so mudh. Now, suppose this air 
contains 3% of water vapour and is cooled, perhaps to .62.5® F. 
The molecular heat-motion slows down enough for the water- 
molecules to join up into liquid water-drops; at 62.3® F. air can 
contain only 2% of water, so the remaining 1% forms fine 
droplets of water — clouds. These droplets may grow bigger 
as more water condenses on them and finally become large 
enough to fall as rain. 
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Rain, then, £Uls when warm moist air is cooled. The simplest 
way in which this can happen is by warm moist air rising into the 
upper regions as it does at the equator. If we regard the globe as 
having the sort of air circulation shown in Fig. 402, the warm 
moist air from the equator will rise. It will expand and when air 
expands it becomes cooler (p. 136). Accordingly, the region near 
the equator has very heavy rain&ll. The Congo, Brazil, and Assam 
are among the rainiest places in the world. In parts of Assam 400 
inches of rain fall in the year. In the south-east of England 25 
inches is an average figure. 

North and south of rainy areas are the fairly calm regions of 
high pressure (lat. 30-55®). In these regions Aere will be little 
rain because the pressure is high and because no warm moist air is 
being brought to them. Actually, since the earth has its axis 
inclined to its orbit, the sun is not (as we assumed) overhead at 
the equator all the year round, and, in effect, the equatorial rain 
belt and the dry tropical calm belt shift north and south. Con- 



Fig. 404. — ^Diagtam of atmospheric pressure 6 p.m. Dec. 8tb^ 
1935. Note winds blowing clocl^ise round high-pressure 
areas, anticlockwise round low-pressure area. The arrows 
show direction of wind and, by the number of barbs, its 
intensity. (Courtesy of the Ak Ministry and ot Tb$ Times,) 
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seqaently, many places somewhat north and south of the equator 
have alternate rainy seasons and dry seasons. 

Finally, in the north and south, where the westerly winds are 
blowing, rain is nearly always associated with a “depression” or 
large vortex of air. Not much is known about the reason why 
these depressions are formed: it seems that they originate in the 
stratosphere, the calm region of the high upper air (pp, 723-726). 

The weather of the British Isles is almost entirely the result of 
these regions of low pressure and high pressure travelling across 
the country. 

A depression or cyclone is an area of air at low pressure, very 
roughly circular or elliptical as a rule. It may be 1,000 miles in 
diameter on the average. 

If we measure the pressure with a barometer at different parts of 
it and draw a line (“isobar”) through all the places where the 
pressure is at a particular figure, we get a picture like Fig. 404. 
The whole depression moves at from ten to forty miles an hour, 
and the wind blows, not, as one would expect, from the high 
pressure edge to the low pressure centre, but round it in a spiral, 
the opposite way from the hands of a clock in the northern hemi- 
sphere, but the same way in the southern. The reason for this is 
not too difficult to see. Suppose in the northern hemisphere the 
wind starts to blow from the south edge to the middle. It will 
catch up on the moving earth and so be a south-west wind. If the 
wind blows from the north-edge to the middle it will be left 
behind by the earth (p. 716) and so blow from the north-east. 

N So, given a low-pressure 



ijader tfse atom J’j np orer 

otr ttntf /ifiA tt /tOM 

Rom 

Fio. 40}. — ^How a "deptessfon” cause* laki. 


area in the northern hemis- 
phere the wind must blow 
rotmd it the opposite way 
from a clock’s hands. Now, 
as is seen in Fig. 405, the 
wind from the southern por- 
tion will be coming from a 
warmer and moister 
southerly area and will be 
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warm and full of water vapour. But at the north-east and 
north-west sides, there will be colder air from the polar regions. 
This cold air wiU be heavier than the warm air, which will there- 
fore rise up over it. This will make the warm air expand and so 
cool it, and the water vapour will condense to rain. Thus a 
depression causes rain, first, in its front part where the warm ait 
rides up on the cold and, secondly, where the cold air comes 
round to the south again and meets the warm ait and burrows 
underneath it, causing it to rise. 

One more cause of rain must be mentioned — ^the mountain 
range. Where a wind meets a mountain range it is forced to rise. 
As it rises, it expands and therefore (p. 157) becomes cooled: its 
water condenses and rain falls. 

When it descends the other 
side, it contracts and becomes 
warm again. It has lost much pjc. 406. — How mounuins a<fcct climate, 
of its moisture and is dry and 

warm. Good examples of this ate found as near home as 
Scotland. The wind is usually westerly, so the west side of 
the hills is very wet indeed. Thus, Fort William on the west 
coast of Scotland has a yearly rainfall of 80 inches, while 
Aberdeen, on the east coast, receives but 29. Fort William is 
far from being the wettest place in these islands, for in parts of 
the Snowdon district the yearly rainfall reaches 200 inches. 



THE UPPER AIR 

All these currents take place in what are comparatively the 
lower reaches of the air. The air is quite definitely divided into 
two layers, the troposphere, the region of winds and of all but the 
highest clouds; and the stratosphere, the lofty region of calm air. 

Let us take an imaginary journey upward from the earth’s 
surface. The upper air and a part of the stratosphere has been 
explored by the use of vast balloons supporting closed metal 
spheres with glass windows. The sphere used by Professor 
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Piccaid in his pioneer ascent to the stratosphere is illustrated on 
Plate XXV. Such an ascent might take us up some 14 miles: 
above this our journey must be an imaginary one. 

At a mile height we pass the region of the heavy rain clouds; 
at two or three miles up, we have left most of the big clouds 
beneath us and only the little clouds of “mackerel-sky” and the 
threads and wisps of the fine lofty “cirrus” clouds are left. At 
seven miles height, ail clouds are left behind except in very 
exceptional weather. 

We are now well above the highest mountain in the world. 
All this time the temperature has been falling. At the ground, it 
was 6j® F., we suppose. At about two miles up, it was freezing, 
and the thermometer drops steadily as we rise, till we are some 
eight miles up, when the temperature has reached the truly 
Arctic figure of - 50® F. We are now in the calm stratosphere, 
and though we continue to rise, it gSts no colder. No one has 
risen higher than some 14 miles so our journey must continue in 
the imagination. Observations have been taken by sending 
“sounding balloons,” equipped with thermometers, as high as 
twenty-five miles, and the temperature stays steady. Curiously, 
the stratosphere is coldest (-iio®F.)over the equator and warmest 
(about -40® F.) over the polesi 

All the while we have been rising, the sky has been becoming 
a deeper blue shading into a rich indigo. As we go higher, fewer 
and smaller particles remain above us to scatter the sun’s light 
back to our eyes (p. 472). Nothing sent up by man — except 
sounding balloons and Big Bertha’s shells — has been higher than 
14 miles, and they have brought back no reports of what they 
saw in the upper air. In airless space, the sky wotild probably be 
dead black and sown with blazing stars. At about 20 miles up 
we should reach a layer of air, where the ultra-violet light from the 
sun turns a good deal of the scanty oxygen into ozone. Oxygen 
consists of pairs of oxygen atoms, ozone of triplets of these; and to 
turn oxygen into ozone needs much energy. Ozone absorbs a good 
deal of hght (it is perceptibly blue): and the energy of the light 
warms it up: thus we have reason to believe the air here (above the 
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stratosphere) is quite warm. This layer of warm ait reflects sounds 
and affords the reason why loud sounds, like gun-hte, are often 
heard a hundred miles away, but not heard at twenty miles' dis- 
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tance. The gun-fire from the 
Western Front could often be 
heard in England when it was 
inaudible in France. 

Passing still upwards 
through the warm air — warm 
but so rarefied that down here 
it w^ld be called a low 
vacuum — we finally — ^fifty miles up — reach a region where elec- 
trical phenomena begin. The Aurora Borealis shows its coloured 
streamers here and at higher levels. The Aurora is probably 
akin to the light which we see in a gas-discharge tube. A current 
of electrons, discharged from the sun and rushing unimpeded 
through empty space, ionises the rarefied air and the gas glows 
for just the same reason as it glows in the discharge-tube (p. 443). 
The fact that the aurora is seen chiefly towards the poles appears 
to be due to the eflect of the earth’s magnetic poles in directing 
the stream of incoming electrons. 

Still higher is a region where these electrons from the sun 
are first meeting the air-molecules and ionising them. The 
atmosphere up here, sixty miles or so above the earth, is largely 
made up of ions with big electrical charges. It is this — the Heaviside- 
Kcnnelly layer — that reflects wireless waves just as the warm ozone 
layer reflects sound. It is only this reflecting layer that makes 
wireless waves travel round the globe instead of passing straight 
out into space. Beyond this region little is known: probably the 
air gradually thins out into the utter emptiness of space. 

The liquid layer that surrounds the earth need not detain us so 
long. The reason why the oceans are distributed as they are is 
bound up with the question discussed in Qiapter XXXIII, of why 
the continents are where they are. The seas have a circulation not 
altogether unlike the circulations of the lower air. The rise of warm 
water and the fall of cold, the earth’s rotation and centrifugal force, 
have their part in guiding them as has also the tidal pull of the 
gravitational force of the sun and moon. The sea is sdt: this too 
must be discussed later under the heading of the age of the earth. 



Fig. 408. — Reflection of soundwaves from 
the legion of warm air. 
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The Interior of the Earth 

STRATA 

T he solid earth itself — ^what is it made of? Let us imagine 
ourselves taking a boring or sinking a mine shaft. We find 
that as we dig down we pass through many different kinds of 
rock. Chalk, clay, gravel, limestone, etc., are encountered. We 
notice, however, that these are not scattered about as irregular 
masses, but that as a general rule they lie in layers like a pile of 
sandwiches, so that a number of borings made in the same district 
encounter them in the same order. These layers we call strata. 
Let us suppose our shaft is to be sunk in London, say somewhere 
near Euston. We find a few feet of “soil” first, consisting of 
grains of sand and rock, a little clay-substance, some dark veget- 
able decayed matter or humus, probably some chalk. Beneath 
this is loam, a sandy clay, and some 20 feet down a layer of gravel, 
rounded pieces of flint. Only one thing smooths the rough flints 
we dig out of chalk into neat round pebbles, and that is the action 
of water. To anyone who has observed a river-bed, gravel is 
quite obviously stones worn by water. A few years ago in 
Endsleigh Street near Euston, vast bones were dug out of this 
loam and gravel layer. They were those of a mammoth, a 
primitive elephant-like creature which has been extinct for a vast 
period of time, to be measured at least in hundreds of thousands 
of years. The gravel and loam, then, are water deposits, they are 
clearly very old and they were once at the surface, for not even 
a mammoth can die twenty feet underground! 

Below this, we find London clay — equally obviously deposited 
by water — ^for we can find water laying down deposits of clay 
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all over the world to-day. Examination of London clay by a 
real expert — you and I would make nothing of it — reveals 
fruits and seeds converted into mineral matter. These ate 
obviously the remains of ancient plants and trees, but, most 
astonishingly, of plants and trees something like those which 
grow in the Malay States to-day. When its clay was deposited by 
water London must have had a warm climate, perhaps even 
tropical. London was then the bottom of an estuary on whose 
ba^ flourished magnolias, redwoods, breadfruit trees, ferns, 
etc. We find, too, in the clay the remains of crocodiles, of queer 
toothed sea birds and of primitive mammals not very like any 
creature alive to-day but perhaps as much like the hippopotamus 
as any. As we shall see ^p. 741-744), it is possible to ascertain 
the date of most strata, and the London clay is probably some 
fifty million years old. We continue to dig and find that the 
London clay continues for some four hundred feet. Think for 
a moment of the vast lapse of time needed for a river to deposit 
400 feet of sediment. G)ntinuing, we pass through jo or 60 feet 
of sands and clays, which were evidently (from the shells they 
contain) laid down on an ancient sea bottom. Next, our boring 
enters the chalk and for 650 feet or so we penetrate the solid mass 
of tiny shells which we call chalk. We find in it remains of fish, 
sea urchins and extinct coiled shells — ammonites. These creatures 
lived perhaps 100,000,000 years ago. Under the chalk, we find 
some 300 feet of dark grey sandy clay, deposited from some 
ancient sea and below this very ancient rock indeed, perhaps 
500,000,000 years old, with ancient sea shells and crustaceans 
embedded in it. No one has bored deeper than this in London, 
for the borings are made by well-sinkcrs and at this stage an 
abundant supply of water is reached. But, we have every reason 
to believe that if borings were continued for a few thousand feet 
more, we should find ourselves drilling through granite or some 
such rock which shows no sign of having been deposited from 
water, which contains no remains of living things, and which 
looks to the man of science as if it was the result of cooling some 
molten mass of silicates (p. 658). 
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Over large areas of the earth 
it is the same story. Dig down 
and you will pass through feet, yards 
or miles of “sedimentary” rock which 
bears obvious signs of having been 
deposited from water in some way. 
Beneath these is always rock which 
equally obviously has been made by 
the cooling of some molten mass. 
Sometimes this latter “igneous” rock 
can be seen to have thrust its way up 
through the sedimentary rocks: some- 
times the layers of rocks have been 
twisted, crumpled and overturned: 
but the general rule is that you will 
find layers of rocks deposited from 
water overlaying layers of rock 
formed by cooling a . molten mass 
consisting of silicates of the metals. 

These sedimentary rocks are of 
two chief types. The first includes 
water-borne debris of igneous or of 
older sedimentary rocks: these are 
gravels, clays, slates and sandstones. 
The second consists of the remains 
of creatures once living. Thus chalk, 
limestone and marble are made up 
of incredible numbers of skeletons 
or casts of minute water-creatures. 



The igneous rocks include granite, syenite, dioritc, andesite, 
diabase, basalt and gabbro. These rocks vary considerably, but 
are alike in being more or less crystalline masses of silicates and 
silica which have solidified from a molten condition. Rocks that 


have cooled slowly at a great depth have large crystals (granite is 
a good example); those ejected to the sur&ce by volcanoes have 
cooled quickly and have either very fine crystals or none. They 
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ate also roughly to be divided into die add type contaixiing mudi 
quartz silica) and typified by granite, and the basic type containing 
little or no free silica. These are typified by basalt and olivine. 

So by digging deep enough you will usually come to a granite' 
like rock. It is not possible to dig deep enough to find what 
underlies this, but fortunately volcanoes supply us with specimens 
of the contents of the earth’s hot interior. 


VOLCANOES 

Volcanoes, in die widest sense, are the openings of “pipes” or 
channels which carry, or in the past have carried molten rock to 
the surface. A volcano is sometimes a great rift or crack in the 
level ground from which lava wells, but it is more usually a hill, 
small or great, with a crater or opening at the top through whidi 
lava, steam, dust and showers of stones issue when it is erupting. 
The hill itself is usually built of the materials which have issued 
from the crater; and these flowing or sliding down build up the 
beautiful cone shape so well seen in Mount Fuji, the subject of 
so many Japanese prints (Plate XXXIII). 

We have reason to believe that volcanoes are tubes communicat- 
ing with a layer of melted rock some twenty miles or so beneath 
the surface, because the lava which issues is usually of just about 
the same composidon as certain of the igneous rocks. More- 
over, the “pipes” of old extinct volcanoes can be followed deep into 
the earth by mining. The Kimberley diamond mines are in the 
pipe of a long extinct volcano; this pipe has been followed down 
for several thousand feet, and shows no sign of ceasing. Also 
chains of volcanoes often follow the straight lines . of cracks 
in the earth’s crust, and several cases have been studied where 
these lines are not far from twenty miles apart. Now, a solid, 
when bent, will not, as a rule, crack into bits smaller than its 
tluckness (try it with toffee): so it is likely that the crust is some- 
where about 20 miles thick in some volcanic regions, though 
probably far thicker in other parts. A further piece of evidence is 
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that a deep mine often gets about 1“ C. hotter for each 100 feet, 
though the figure varies a good deal. Thus, a temperature of 
1,000** C. at which lava is soft, if not liquid, should be x^ched at a 
depth of 100,000 feet — about 20 miles. 

Volcanoes commonly remain quiescent for long periods. 
Vesuvius did not erupt for several hundred years before the 
famous eruption which destroyed Pompeii and Herculaneum: 
so inactive was it, in fact, that the crater contained a lake and a 
wood in which wild animals abounded. The cause of an eruption 
is some sort of pressure from below, forcing the lava up the pipe. 
It does not seem very certain what brings this about. It is often 
thought that the sediment of rivers accumulating in the shallow 
seas which border the continents weighs down the overlying 
crust and so forces the lava up. It is notable that inland volcanoes 
are quite unconunon: almost all cluster along the coasts and 
islands, and many are under waterl At any rate, there is a great 
pressure capable of forcing up the pipe a column of dense lava 
thousands of feet high.' Now lava is not just molten rock: it is 
molten rock with quantities of gas — hydrogen, carbon dioxide, 
sulphur dioxide, steam, etc., dissolved in it under huge pressures. 
This gas exerts an enormous force for just the same reason that 
the gas from soda-water exerts a pressure in the syphon. At the 
beginning of an eruption the escape of both lava and gas may be 
impeded by a solid plug of frozen lava fitting the top of the 
volcanic pipe like a cork, and then — something has to go! 
Accordingly, a volcanic eruption often starts with a vast explosion. 
That of Krakatoa in 1883 was one of the most tremendous that 
has been recorded. The island before the eruption was some 18 
square miles in area, and rose to a height of 1,400 feet. Terrific 
explosions occurred and the island was tom asunder, and within 
two days nothing remained but a deep hole in the sea-bottom. 

The vast rush of escaping gas produced a detonation heard at 
Batavia, 100 miles away, and so intense a wave was created in 
the air that it travelled several times round the world before it 
died away. So much dust from the shattered rock was hurled into 
the ait that the sky was black at midday 150 miles away, and the 
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finest particles filled the whole of the earth’s atmosphere. They 
rose to heights of fifty miles or more, and by reflecting and 
scattering the sun’s rays produced magnificent sunsets all over 
the world, incidentally giving us a fine chance to track the winds 
in the upper air. 

In the terrible disaster at Martinique, the compressed gas and 
steam, at a temperature little less than a white-heat, escaped by 
forcing a passage through a fissure which pointed down the side 
of the volcano of Mont Pelie. The scorching blast of gas, steam 
and dust in a few seconds destroyed every single one of the 
z6,ooo people in the town of St. Pierre at its base. At Mont Pel6e, 
later in the same year, the gigantic pressure of the lava and gas 
forced out of the crater a huge vertical column of rock a thousand 
feet high, three hundred and fifty feet in diameter, and weighing 
about eight million tons. Needless to say, these major feats 
are only performed when the lava and gas cannot get away 
otherwise. Often the side of the volcano is broken through. 
Fortunately, however, most volcanoes have their weak spots and 
after a few moderately violent explosions allow lava and gas to 
escape pretty freely. 

The material thrown from a volcano varies in composition, and 
may be acidic like melted granite, or basic like melted basalt; but 
instead of being in fair-sized crystals like these rocks which have 
cooled slowly beneath the earth, it resembles a slag or may even 
take the form of obsidian (or volcanic glass). 

The volcano almost always emits great quandties of gas which 
carries with it rock as small particles (ash, sand, pebbles, or 
chunks) forming the volcanic ash or tuff which covers large 
areas in volcanic regions. Showers of such ashes often cover the 
country for miles. The steam and ash make a vast eruption- 
cloud from which often falls a rain mixed with mud. When the 
lava or molten rock itself issues, it may be thick like pitch, and 
may solidify almost at once. It may, however, be almost as titin 
as water. By day, it usually looks black and dead, but by night it 
glows and forms a magnificent and terrible sight. 

A few volcanoes show a continuous but less violent activity: 
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the crater of Kilauea in Hawaii affords the best example. The old 
crater of Kilauea is some four square miles in extent. The floor of 
this crater consists of black basalt, which glistens like polished 
steel in the sunlight, and has solidified into a roughly flat mass, 
showing all sorts of strange, rope-like, twisted, and contorted 
forms in places. This four square miles of the crater-floor has 
not a blade of grass or the tiniest plant growing on it. It looks as 
desolate as some landscape in the moon. 

In the floor of this crater is a lake of melted lava some i8o 
acres or so in extent. The vivid description of an eye-witness^ 
may help the reader to visualise these phenomena (Plate XXXIV). 

“The great cauldron, over ^ a mile in diameter, is ringed with 
vertical cliffs of black basalt. Some hundred feet or so below me 
the molten basalt churned and boiled. At one time I counted 


over twenty “fire-fountains” — caused by the expldsive force of 
the issuing gases — ^which hurled up pillars of molten rock to a 
height of a hundred feet or more. The dull-red, surface scale of 
cooling lava was rent by innumerable cracks, through which the 
brilliant yellow-red, molten rock could be seen swirling and 
bubbling. These cracks kept merging and coalescing, while new 
ones constantly broke out, often accompanying the genesis of a 
new fire-fountain. While I watched (three hours) the whole vast 
surface of the molten lake steadily fell — being some forty to fifty 


feet lower at the end of my vigil 
than it had been at the beginning. 
This was my own estimate, and I 
should hesitate to record it had I 
not had it confirmed by the super- 
intendent of the Hawaiian National 
Park, who stood by me as 1 
watched die descent of the burning 
lake. And all the time the seething 
movements of its surface, and the 
leaping of its fire-fountains, were 



Fig. 410. — The crater and fire<pit 
of Kilauea. 


> The author is indebted to Mr. H. Wynne Finch for this description, and for 
Fig. 410 . 
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accompanied by an indesctibable, dull, droning roar, which I can 
liken to nothing else that I have ever heard. The heat, when one 
stood at the edge of this great volcanic pipe, was so intense that 
one had to use a mask of cardboard perforated with eye-holes; 
and my spectacles protected my eyes in some measure. Another 
sign of the strength of the heat radiation from the vast surface of 
molten rock I also recall: the varnished woodwork of my camera 
emitted an odour which reminded me of that produced by a 
chair left too near a hot fire.” 

The gas dissolved in the lava often expands while the hot lava 
is of the consistency of dough, and so blows it out just as the 
carbon dioxide from yeast Inflates the dough in bread-making. 
When such a rock is cold, it forms pumice stone, which is simply 
lava solidified to a sort of glass and inflated with a number of 
small air bubbles. The edges of these arc sharp, consequently 
pumice is useful for rubbing away soft materials like wood or 
paint. Powdered pumice is much used in the coarser metal 
polishes. 

The volcanoes, then, present us with samples of the matter in 
the earth below its solid crust; and it appears that the interior of 
the earth contains hot melted rock, liquid enough to flow, and 
saturated with gases. The lava is apparently not very hot, not 
much hotter, as a rule, than a coal-&e, and usually not as hot. 
Presumably — since heat is always leaking outward — at greater 
depths than the bottom of volcanic pipes the earth is hotter than 
volcanic lava, and the melted rock, or “magma” as we call it, should 
be a thin liquid like melted glass. Now, if this were so, the sim 
and moon would raise enormous tides in the liquid just as they 
do in the sea: but there is no evidence of these tides. The earth’s 
surface rises and falls very little if at all, nor does the state of the 
moon make any great differexice to the action of volcanoes. 

Moreover, earthquake shocks are transmitted by the interior 
of the earth as if it were a solid. An earthquake is a fairly super- 
ficial afiair: the trouble that causes the shock is something in the 
crust of the earth, often not twenty miles below the surface. 
Sometimes the cause is a “fault,” by which we mean that the 
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strata break and slip over each odier: sometimes it seems to be a 
volcanic explosion. At any rate, it sets the earth shaking. 

Now a liquid can vibrate only in one way: it can transmit 
compression waves — sound waves in fact. 

A solid can transmit these too, but it can also waggle and 
vibrate sideways as does a tuning-fork. In this sort of vibration 
the solid bends and springs back the other way: a liquid offers no 
resistance at all to bending and so it cannot spring back. Now an 
earthquake-shock, say in New Zealand, sends waves of vibration 
through the whole earth. It has recently been shown that no 
matter how these travel through the earth-centre or crust, they 
come both as longitudinal waves — “compressions” — and as 
transverse waves — “waggles.” So the earth, though it casts up 
liquid lava and must be far above the melting point of any kind of 
stuff that is likely to be within it, none the less behaves like a very 
rigid solid. 

The reason may be that, in all probability, liquids under vast 
pressures no longer move freely. Even a hundred miles down the 
pressure is 750,000 lbs. to die square inch, and the highest 
pressures we have experimented with on earth are less than a 
iliih of this. The atoms of the “magma” must be forced so close 
to each other that their outer electrons arc very likely to interact 
in quite new ways. 

Our earth, then, has at the surface a mile or two of sedimentary 
rocks: below this, on land at least, is granite rock. The solid 
crust probably extends down for some 20 to 40 miles. Below this 
is very hot “magma”: this comes to the surface as a liquid lava 
which solidifies to a black basic rock resembling basalt or olivine. 
This is, roughly speaking, a silicate of magnesium and iron. 
While the liquid is still beneath the earth the vast pressure seems 
to keep the hot mass £urly rigid. 

Does this basic type of rock continue to the centre of the earth? 
Probably not. First, the earth is so dense (5.5 times as heavy as 
water) that it is unlikely that any pressure could compress igneous 
rock enough to give it this density. Secondly, we have good 
reason to believe that the earth is of much the same stuff as the 
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other planets and that all of this stuff came from the sun. Now 
some of the meteorites or shooting stars which burn in our upper 
air and sometimes reach the ground are supposed to be fragments 
of an exploded planet. Whatever they are, they must be samples of 
star-stuff. Now meteorites are of three types. First, they may be 
stony, much resembling a sample of igneous rock; secondly, and 
most commonly, they may be made of metallic iron with a propor- 
tion of nickel, while a few are composed of both rock and iron. 
Now, if meteorites are fair samples of the stuff the earth is made of 
there must be a lot of iron in it. Iron has a density of 7.8. Accord- 
ingly, if there is much iron in the earth, it is 



Fig, 411. — A sec- 
tion of the earth. 
The narrow 
black line repre- 
sents the sedi- 
mentary rocks, 
the dotted layer 
the granitic rocks 
beneath. The 
nature or the 
deeper layers is 
by no means 
certainly known. 


likely to be in the centre of it: this iron would 
accoimt for the density of the earth being as 
high as 5.5. 

We suppose then that there is, below the basic 
layer of magma, a stretch of basic silicates mixed 
with iron, and at the centre a sphere composed 
cliiefly of nickel and iron. No one has any 
idea how iron and nickel would behave under 
a pressure of a hundred and fifty million pounds 
to the square inch, and an enormously high 
temperature. They would probably be utterly 
unlike anything known to man. This theory is 
not the only one held. It is believed by many 
that below the basic magma there is a layer of 
heavy liquid sulphides of metals. 

Why is the interior of the earth hot? It was at 
one time believed that the earth, originating 
from a mass of glowing matter ejected from the 
sun, had simply cooled ever since, and that the 
heat of its interior was solely the residue of its 
original patrimony. Since the discovery of the 
radioactive elements (p. 545) it has become clear 
that these are continually giving out energy in 
the earth's interior. The interior is so vast and 
the means of escape for the heat through 






PLATK XXXIV 



A glacier descending a valley: stream flowing from lower 
end. (By courtesy of Alessrs. K. Birkeland.) 



The fire-pit of Kikuca. (Above) Photograph taken at 
night showing cracks and glowing lava: (Beloiv) general 
view. (By courtesy of Mr. II. Wynnc-Finch.) 
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miles of poorly conducting crust is so inadequate, that it is 
believed by many that the earth’s interior is hardly cooling 
at all and will not do so until the radioelements have largely 
decayed. As these ate formed from uranium and thorium 
which will not be seriously diminished in quantity even after 

2.000. 000.000 years, the earth’s internal heat is likely to last for 
a period at least as long as its past life. We may think of the radio- 
elements in the depths of the earth as equivalent in headng power 
to a vast furnace burning some 80,000 tons of coal a second. 

THE CRUST 

The part of the earth which most concerns us is the top two 
miles of the crust, which are chiefly composed of sedimentary 
rocks. Such rocks as shales, sandstones, slates, clays, and so on, 
have all been made directly out of fragments of the igneous rocks. 
Limestones, chalk, etc., ate composed of calcium carbonate 
which marine organisms have obtained from sea-water. This 
calcium, however, must ultimately have come from primitive 
igneous rocks. In sandstones, you can recognise the grains of 
quart2 which probably were once a part of granite or other 
siliceous rocks, and in slates magnified by the microscope, we 
can recognise flakes of mica which come from the same source. 
For these and other reasons we believe that the sedimentary 
rocks have mainly been made from the igneous ones, by the 
powers of wind, water and ice. 

We suppose then that many million years ago the earth was a 
globe of igneous rock which had just become cool enough for 
water to exist on it in the liquid state. How long ago was this? 
Some of the oldest sedimentary rocks can be shown by their 
uranium-lead ratio (pp. 741, 742) to have been deposited about 

1.800.000. 000 years ago. Perhaps, then, it was some two thousand 
million years ago that geological history really began with the 
first condensation of water. Naturally, the date is not at all 
certain, but it is unlikely to have been as much as 500 million 
years earlier or later. 


*4 
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Nobody knows where the continents and oceans were in 
those distant times: there is much reason to suppose they were 
very differently placed from the present positions. Volcanoes 
often have a good deal of salt and iron chloride and other 
materials incrusted in their craters: so very probably the earth, 
before rain first fell, had much soluble material on it. The first 
torrential rains must have washed this away, and so formed salt 
oceans in the lowest parts of the earth’s crust. With the formation 
of seas the circulation of winds and the seasonal rains must 
have begun. The water flowing off the higher ground formed 
rivers in the valleys. The torrents carried with them volcanic 
dust and loose stones, which wore both themselves and the 
river beds to mud and sand which the water carried out 
to sea. 

Water soaked into porous rocks. When frosts first occurred 
the water changed to ice and, in doing so, expanded, splitting the 
stones. Expansion in the hot sun and contraction in the cool of 
the night gradually cracked and split the rocks; and rain and 
rivers carried the fragments to the sea. Winds carrying dust 
and sand rasped and polished and wore away the hills. The 
sea, no less tempestuous then than now, battered the coasts 
and broke away boulders, smashed these into pebbles and wore 
them to sand. 

The speed with which rocks arc worn away might be guessed 
at from the fact that some of the external ornaments of St. Paul’s 
cathedral have weathered half an inch or more in three hundred 
years. ^ The forces which will eat away half an inch of rock in 
three hundred years will, as a matter of arithmetic, eat through 
more than a hundred miles of the same rock in the time since 
water started to act on the earth. 

Wind and water then are the agents that have shaped the 
surface of the earth: to them we may add ice. A glacier is a mass of 
ice, usually filling a valley. Ice flows very sluggishly, as if it were 
a very viscous liquid, and consequently a glacier moves very 

^ The air of London is, it is true, exceptionally corrosive. On the other hand, 
the stone of St. Paul’s is a fairly resistant one. 
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slowly down its valley — ^perhaps a few inches in a day. Its weight 
is enormous, and it grinds the loose rocks beneath it against the 
valley floor and most eflecdvely wears away the rocks to stones, 
sand and mud which is carried away by the streams of ice-water 
which flow from under it (Plate XXXIV). 

The fragments are carried down by the rivers into the sea. 
The coarser grains sink very soon as sand. Further out, very 
much finer material deposits as mud, but very little of the 
material brought down by the rivers gets far out to sea. Most of 
it deposits quite near the land. Far out at sea the bottom is 
made of a fine red or grey clayey material and the deep sea 
oozes, consisting of the casts of minute organisms. These sands, 
muds and oozes ultimately were hardened by the pressure of 
other rocks forming above them, and by warmth and drying, 
and finally became slates, shales, limestones, and siliceous rocks 
like “diatomaceous earth.” 

Perhaps in the earliest and primitive sea there was no life, and in 
the deepest and most ancient rocks no remains of living things are 
found. So, in the ancient ocean which laid down these earliest 
rocks there was no living thing with a shell or a bone or any 
part hard enough to leave an impress on the mud. There may 
have been soft microscopic creatures like modern bacteria: we 
cannot tell. . . . 

It stands to reason that if the sedimentary rocks were deposited 
from the sea the oldest should be at the bottom. One might 
think that it was only necessary to dig down and record what one 
foimd in order to get a complete record of rocks from the mud 
deposited in the Thames yesterday to the Archaean rocks two 
thousand million years old. 

But this is unfortunately very far from true. First of all, the 
earth has always been rising and failing throughout geological 
times. Sometimes the rise or fall is sudden, as when a huge tract 
of land near Bombay, the Rann of Cutch, sank several feet in the 
earthquake of 1819, and was consequently converted into a 
shallow salt morass or lake, which has, however, since been 
largely filled up by wind-borne sand and dust. Sometimes 
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the rise and fall is gradual. If the change is but a millimette a 
year it will amount to some three thousand feet in a million 
years — no great time as geologists reckon it. 

Suppose now that the ocean bed rises and carries up with it a 
few ^ousand feet of water-deposited shale or sandstone. No 
sooner is this in the air than the forces of wind and tain begin to 
destroy it once more, and send it back as mud to the ocean. So 
most of the sedimentary rocks have not survived at all. They 
have been lifted from the ocean beds and denuded away. None 
the less, the geologist can piece together the story. In one 
part of die world the most ancient rocks are preserved: in 
another are rocks of another period, and by comparing the 
different strata of different areas of the world he can say with 
tolerable certainty that the chief sedimentary rocks were 
originally formed in a certain order, however much they may 
have been since disturbed. 


THE AGE OF THE ROCKS 

For a long time, the geologist knew only the order in which 
the rocks were deposited. Thus, he knew the Silurian slates were 
laid down before the Devonian and the Carboniferous strata, and 
these latter before the chalk. Only recently have we got a pretty 
close idea of the age of these strata. Astronomy docs not help us 
much. It makes it clear that something between 1,000,000,000 and 
10,000,000,000 years is a reasonable age for the earth: the basis of 
this notion is rather too complicated for this book. A rough 
estimate is afforded by the time it would have taken for the 
retarding effect of the tides to slow up the moon from the speed 
it must ^ve had when it was cast off from the earth to its present 
value: these calculations indicate an age of roughly 4,000,000,000 
years. Again, in order to make a rough guess at the time when 
water first appeared and sedimentation began, we may say (i) all 
the salt in the sea came into it via the rivers, (a) There are 3 2 x 10** 
tons of salt in the sea. (3) The rivers bring down 39 X 10* tons 
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of salt a year, Coasequently, they have been doing it for 


3 20 X 10“ 
397X10* 


= about 80,000,000 years. 

But, unfortunately, we have really no idea whether the rivers 
brought down more or less or the same amount of salt in the past, 
and we do not know how much salt finds and has found its way 
into the sediments the ocean deposited. So we only get a rough 
guess, indicating from fifty to several hundred million years, for 
the age of the ocean. 

In the rocks, however, there is hidden an accurate dock if we 
can read it aright. If you turn back to the table on p. 548 you will 
see that the atoms of the radioactive element uranium break down 
and that by a series of changes each uranium atom iiltimately 
becomes dght atoms of helium and one atom of lead. An atom of 
uranium weighs 238 units and an atom of the isotope of lead we 
get from utiuiium wdghs 206 units. 

Now the “half-life period” of uranium is 4,500,000,000 years, 
so out of any quantity of uranium you take, one half will change 
into lead and helium in 4.5 x 10* years. 

Now suppose a kilogram of a mineral when formed contains 10 
grams of uranium and no lead. After 4.5 x 10* years it would 

contain only 5 grams of uranium and ^ ~ grams of 

lead. After another 4.5 X 10* years, half of this uranium will 
have disappeared, so 2.5 grams of uranium will be left and 6^ 
grams of lead will remain. Thus, the proportion of uranium to 
lead will depend on the age of the mineral^ by which we mean the 
time which has elapsed since it started with pure uranium and no 
lead. 

The trouble of the method is that there are very few minerals 
which do not contain some ordinary lead which has not been 
manufactured by uranium. However, the lead which uranium 
makes has atoms weighing 206 rmits each and ordinary lead has 
12 atoms weighing 206 units to every 8 atoms weighing 208 
units. So the process is this. Extract all the uranium from, say, 
a kilogram of the mineral and find its weight. (W grams.) 
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Extract all the lead from the mineral and find out what pro- 
portion of its atoms are 206 units in weight^ and what proportion 
of them are of 208 (and other weights). Knowing the proportion 
of 2 o 8 ’s and others to 206’s in ordinary lead, deduct from the total 
2 o 6 ’s enough to go with all the 208’s to make ordinary lead. 
These atoms came from the lead originally in the mineral. The 
rest of the 206’s (P grams in weight) were made from the uranium. 
From the ratio W)P we .can calculate the age of the minei-al, as 
shown on p. 741 above. 

Another way is to find the ratio of uranium to helium. 258 
grams of uranium by decomposing make 32 grams of helium, and 
there is not likely to be any helium in the mineral to start with. 
So by weighing the uranium and the helium a ratio can be got 
which teUs how far the uranium has got with its decomposing, 
which ratio tell us how old the mineral is. The trouble is that 
helium is a gas, and we do not know how much is trapped in the 
mineral and how much in the enormous periods of geological time 
finds its way out. The result of studying the order in which the 
strata were laid down and measuring their age by the uranium 
methods gives an extraordinary picture of the vast antiquity of 
the earth. The oldest strata are nearly two thousand million years old. 
No one can picture this, but a few comparisons might help. 
Imagine yourself with the faculties of a god, able to picture a 
man’s whole life in the space of a second. Then you would sit 
for a year, night and day, before you had pictured the story of the 
earth. The life of a man bears the same proportion to the age of 
the earth as a blink-of-an-eye to a monthl Suppose a super- 
sluggish snail, travelling as slowly as the hour-hand of a watch, 
had set out on his travels then. He would have crawled a hundred 
million miles by now, four thousand times round the. earth. 

Now these waterborne strata, of the age of which we now know 
something, contain fossils: shells and bones and imprints of living 
creatures. These must have lived at the time of the deposition of 
the strata in which they occur. Naturally, the remains ate scanty. 

* There ate at least two good ways of doing this which I have not space to 
explain. 
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Dig about in an ordinary field and see how many bones of birds 
and rabbits you can findl Only a very few of earth’s past inhabi- 
tants have been preserved in &e rocks, but the work of the last 
hundred and fifty years has pieced together, from their remains, a 
very fair notion of the creatures that lived in the remote youth of 
the world. 

The table .vAdch follows gives a notion of the rocks of the chief 
geological periods, showing the order in which, if undisturbed, 
they are found: their age and the kind of creatures that are found 
preserved in them. In each of these periods several different 
kinds of rocks may be formed. Column 3 mentions one or two of 
the most typical. 

Age in Some rocks of each 

Period. millions period. Inhabitants, 

of years. 

AacnuBAN x8oo Sands and slates and None. 

clays, baked or 
melt^ by the hot 
magma Mow. 

Proterozoic looo Limestones and sand- The presence of some car* 

stones. bon and much-altered 

limestones makes it 
likely that living crea' 
turcs existed. 

Cambrian 500 Slates of North Wales. Crustaceans rather like 

Some sandstones. lar^ woodlice, a few 

shells, sponges and 
worms and water- 
plants in the sea. No 
evidence of land crea- 
tures. No fish. 

Ordovician 450 Shales and a few The chief fossils are 

limestones. graptolites, a sort of 

colonised animalcule 
allied to the sea-firs 
and jellyfish. Abun- 
dant life in the sea but 
no fish as yet. 

Silurian 400 Shales, rich in fossils; The sea was hill of corals 

limestones, and &ea-lilies related to 

(Wenlock Edge is them. For the first 

Silurian limestone.) time fish appear. The 

first back-boned crea- 
tures. First remains of 
plants on land. 
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Period. 


Devonian 


Carboniferous 


Permo-Triassig 


JURASUC 


Cretaceous 


Tertiary 


Quaternary 


in 

millions 
of years. 


Some locks of each 
period. 


350 


Most typical are the 
Old Red Sandstone 
(a land deposit, 
probably hardened 
blown sand) and 
some limestones. 


300 


The chief coalfields of 
the world. The 
limestone of many 
English hills (the 
Pennines and Men- 
dips). 


220 


Sandstone laid down 
on land. 


130 


Slates and limestones. 


Inhabitants. 


The Old Red Sandstone 
shows remains of quite 
large trec/like plants — 
giant mosses and 
horse-tails. The lime- 
stones show abund- 
ance of true fish. 

The first land animals, 
spiders and other in- 
sects and amphibious 
reptiles of no great 
size. Huge forests of 
mosses and horse-tails 
which form our 
modem coal. 

Bigger reptiles are found 
on land and later the 
first mammals appear 
on land. 

The age of giant reptiles 
up to a hundred feet 
and more in length. 
Birds first appear and 
flying lizards. Mam- 
inals are still small. 


100 


60 


20 


Chalk is the most 
characteristic. 


London clay. 
‘^Crag” beds. 


Gravels, boulder clays 
and other surface 
deposits. 


In the sea, the spiral- 
shelled ammonites 
lived; corals were 
abundant. 

The giant reptiles arc 
fewer. Mammals and 
birds become more 
numerous. Flowering 
plants appear. 

Mammals and birds be- 
come bigger and more 
numerous. The fami- 
liar animals like horses 
and elephants and 
monkeys ‘ become 
recogmsable. 

Many of the biggest 
mammals disappear. 
Man appears in the 
last ten million years; 
and in the last ter 
thousand years of the 
period dominates anc 
transforms the world. 
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Hete is the matetial of the idea of Evolution. The ancient 
rocks have few, simple and almost mindless species. As time goes 
on, more complicated, more adaptable and larger-brained 
creatures appear — culminating in Man, that strange beast which 
has discarded the weapons of teeth and claws and speed and 
armoxir, and by adapting himself to the world and adapting the 
world to himself, has enslaved or subdued almost every creature. 

Evolution must be considered &om the point of view of 
biology rather than geology. But it must never be forgotten that 
the idea of Evolution is not based on someone^s arguments. It is 
based on the succession of creatures in the rocks, dated by the 
uranium clocki 


THE CRUMPLING OF ROCKS ' 

The strata are not always found in the order in which they were 
laid down. Picture a large flat jam-tart made with a layer of 
pastry, then with a layer of red jam, then another layer of pastry, 
then a layer of yellow jam and so on. This might represent the 
strata as first laid down. Now, suppose it lay on the kitchen table 
waiting to be cooked and someone gave one end a steady slow 
push. The soft pastry would first go into hummocks, then folds, 
and finally would be bundled into layers in which the jam and 
pastry would take quite a different order. 

This is just what has happened to the Earth’s surface. Huge 
forces have raised it up, lowered it and, above all, thrust it side- 
ways and in places utterly confused the pattern of strata. Not 
only is the pattern of strata altered but even the structure of the 
rocks. A skte has often been crushed under the vast weight of 
overlying rock until the lines of cleavage along which it splits are 
no longer parallel with the ocean bed on which it was laid down. 
Such a rock is said to be altered. A further stage is found when 
pressure and heat have altered even the texture of the rock. 
Limestone may be transformed into hard crystalline marble 
which may bear little, if any, sign of its watery origin. 
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It is easy to 
see then that 
if the ctusi of 
the earth were 
slowly and 
powerfully 
pushed in one 

Fig. 4x1. — ^How the otdet of the strata is alteied by folding. direction, the 

Strata would 

be bent into hummocks and finally into folds. The strata in Figure 
412 were laid down in the order C, B, A. Now, suppose the rocks 
were folded as in the picture and then denuded by wind and 
weather down to the dotted line EF. If we then sink a boring 

GH we find the strata in 
the order (going down- 
ward) C, B, A, B, C instead 
of ABC as we should ex- 
pect. Even folding of this 
kind does not exhaust the 
possibilities of a thrusting 
force. One stratum may 
be slid over the top of 
another. The stages ate 
first a fold (i) then an 
overfold (2) then an over- 
thrust (j). 

This process of thrusting has made most of the big mountain 
chains of the world. Moimtains like the Alps (the best studied of 
all mountains) have not been pushed up from below. They ate 
not even, as some people would think, the effects of or remains of 
volcanoes.^ They ate a huge pile of sheets of rock which have 
been forced on top of each other by tremendous pressure main- 
tained for several million years. Naturally, they have been 

^ Some great mountain chains, like the Andes, may be topped with volcanic 
rocks, for the strain of lifting and crumpling may crack the crust and cause volcanic 
action. 


‘ 
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Pig. 413. — The eifect of a sideways thrust 
(x) Fold; (2) Ovcrfold; (3) Overchrust. 
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intensely eroded — cut away — ^by ice and water, and to this much 
of their shape is due. But the rocks that are to-day the peaks of 
the Alps were for the most part laid down originally in the sea 
and have been forced one over the top of the other till they look 
down on the world from ten thousand feet or more. It has been 
reckoned that this amount of folding means that the crust must 
have been pushed through a distance amounting to perhaps 
fifty or even a hundred miles. The question of where these fifty 
or more miles of crust came from and what force raised them is 
interesting and still doubtful. To account for the raising of the 
world’s mountains an area as big as Mexico must have been 
used up. 

The oldest theory, which is still quite widely held, was that the 
earth was cooling internally, and as its centre contracted, its fairly 
rigid skin became too small for its centre and $o became folded 
and creased like the skin of a shrivelled apple. There is no 
evidence that the crust of earth is cooling appreciably. If 
2,000,000,000 years ago, it was solid and cool enough to allow 
water to rest on it, it can hardly have been so greatly hotter than 
it is now. The internal heat of the earth slowly leaks away to the 
exterior and the earth’s hot interior therefore slowly contracts, 
so withdrawing its support from the crust. The latter being 
strong and rigid remains still and rigid until the stress becomes 
too vast. It then begins to crack and crumple, so raising vast 
mountain ranges. This weakens it, and in a period short com- 
pared with geological time, it settles down upon the hot core. 
The cracks melt up and become soldered together and the crust 
becomes once more rigid. Thus there are, as the rocks show us, 
alternate rapid periods of mountain-building, times of vast 
earthquakes, landslides and catastrophes, followed by long 
quiescent periods in one of which the earth is now. Some 
geologists, however, believe that this theory is not enough to 
account for the raising of the Alps, let alone the Hinulaya. Some 
altogether new cause has to be found for these huge thrusts and 
crumplings: we shall see that Wegener’s theory of floating 
continents (p. 754 ff.) helps to supply this. 



748 Tife World of Science 

Folding is not the only reason why strata do not lie in the 
positions in which they were found. Vaults in the rocks are very 
common: in fact, few strata are free from them. A glance at 
Fig. 41 3^ shows what is meant by a fault. The rocks have been 
forced up or slipped down along a sharp face. Faults are a 
great nuisance to miners. They may be following a seam of coal 
when they reach a fault: the seam disappears and a considerable 
search may be needed before its continuation is found. 

Faulting, the sudden 
breaking of strata and 
falling of countless thou- 
sands of tons of rock, is 
the chief cause of earth- 
quakes. It used to be 
thought that earthquakes 
were caused by volcanic 
eruptions: however, the 
worst earthquakes fre- 
quently occur in non- 
volcanic districts. A really 
serious earthquake usually 
involves a large tract of land being suddenly raised, lowered or 
thrust sideways for a distance of some ten to thirty feet. The 
shock of the sudden movement sets the earth vibrating. An 
earthquake is one of the most terrific of human experiences. 
Everyone testifies to a peculiar terror felt when the solid ground 
rocks beneath them. The description by an eye-witness of such 
an earthquake is more valuable than anything which can be 
written by one who has never experienced an earthquake. 
The following account^ was written by an observer of the Indian 
earthquake of June 12th, 1897 — an earthquake so violent and 
widespread as to level almost every brick or stone building in 
an area little smaller than England. 

“At 5.15a deep rumbling sound, like near thunder commenced, 
apparently coming from the south or south-west. . . . The 

1 From A Study of Recent Earthquakes, Davison. (Walter Scott Pub. Co., 1905.) 



Fig. 41 3^. — A trough fault. Part of the strata 
has slipped downwards. (Courtesy of 
Messrs. Charles Griffin & Co., Ltd., from 
Park's Geology, 
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rumbling preceded the shock by about two seconds . . . and 
the shock reached its maximum violence almost at once, in the 
course of the first two or three seconds. The ground began to 
rock violently, and in a few seconds it was impossible to stand 
upright, and I had to sit down suddenly on fhe road. The shock 
was of considerable duration. ... It produced a very distinct 
sensation of sea-sickness. . . . The feeling was as if the ground was 
being violently jerked backwards and forwards very rapidly, every 
fiiird or fourth jerk being of greater scope than the intermediate 
ones. Thesurfaceof the ground vibrated visibly as ifit was made of 
soft jelly; and long cracks appeared at once along the road. . . .” 

Another observer writes of the same earthquake that it pre- 
sented “the aspect of a storm-tossed sea with the difference that 
the undulations were infinitely more rapid than any seen at sea.” 
These waves in the earth’s surface frequently crack at their tops — 
for the groimd has no toughness or elasticity — ^and fissures open. 
It is these fissures which so often and horribly swallow up the 
victims of such catastrophes. Near the sea earthquakes are often 
made more destructive by tidal waves and by the sinking of tracts 
of land beneath the water. A witness of the destructive earthquake 
at Port Royal, Jamaica, in 1692, writes: 

“The morning of this dreadful day was very feir and clear, 
affording no suspicion of the least evil, but in the space of three 
minutes about half an hour after eleven in the morning, Vort- 
K^al, the fairest town of all the English Plantations, the best 
Emporium and Mart of that part of the world, exceeding in its 
riches, plentiful of all good things, was shaken and shattered to 
pieces and sunk into and covered for the greatest part by the sea. 
Few of the Houses that stood were left whole. So that by them 
filing, the opening of the Earth and the inundation of the waters,, 
it is reckoned there were lost fifteen hundred Persons. The 
Sunday after, the Minister preached to them in a Tent, not daring 
to venture among the shattered Houses, the People were over- 
joyed to see him among them and wept bitterly when he Preached 
to them. It was a sad sight to see all that Harbour, one of the 
fairest and goodliest in all America, covered with the dead bodies 
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of People of all conditions, floating up and down without burial, 
for the great and famous Burial-place called the Pallisadoes, was 
destroyed by the Earthquake, and the Sea washed the Gircases 
of those that were buried out of their Graves, their Tombs being 
dashed to piece by the Earthquake, of which there were hundreds 
in that place. Multitudes of ^ch men were utterly ruined, whilst 
many that were poor, by watching opportunities and searching 
the wrack’d and sunk Houses, even almost while the Earthquake 
lasted, and terror and amazement was upon all the considerable 
People, have gotten great riches. From St. Amts there was 
news that above a thousand acres of Wood-land were turned into 
the sea and carried with it whole Plantations, but no place suflered 
like Port-Royal, where whole streets were swallowed up by the 
opening of ^e Earth, and the Houses and Inhabitants went down 
together. Some of them were driven up again by the Sea which 
arose in those breaches and wonderfully escaped. Some were 
swallowed up to the neck, and then the Earth shut upon them 
and squeezed them to death, and in that manner several were left 
buried, with their heads above groimd, only Some Heads the 
Dogs had eaten. Others were covered with dust and Earth by 
the remaining people to avoid the stench. Great bellowing and 
noises were heard sometime after in the Mountains, which made 
tliem apprehensive of an eruption of Fire; but thanks be to God, 
no ill Event hath yet succeeded.” 

If these displacements of the earth’s surface by a few feet at 
a time reduce us to such straits, how will mankind fare when the 
next great period of mountain building raises a range like the 
Alps or Himalaya? 


MINERALS 

We have talked so far as if all the crust consisted of sedimentary 
rocks as an upper layer and igneous rocks below. It is, however, 
very common for molten igneous rock to be forced up into the 
sedimentary rocks and there to solidify. It may penetrate along a 
fault, in which case it forms a flat, more or less vertical sheet 
called a “dyke.” When the surrounding rocks are softer they 
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ate weathered mote easily than the dyke, which then sticks up 
like a wall. The molten matetial may also penetiate between the 
strata making flat horizontal sheets called “sills” or sometimes 
irregular lens-shaped masses (Plate XXXV). These sills and 
dykes, etc., are sometimes accompanied by valuable minerals. 

So £u: we have talked as if the common igneous rocks like granite 
and basalt, and the sedimentary rocks made by their decay, were the 
only important rocks. The mineral ores which are valuable as the 
source of our metals are of the utmost importance to us but are 
really quite rare. Estimates have been made of the quantities of 
the various elements in the earth’s crust. The table which follows 
shows the amounts of the diflcrent elements in parts per million. 
We start with the remarkable feet that the earth’s crust is about 
half made out of the gas oxygen and about a quarter made of 
silicon. The other 88 elements only make up a. quarter between 
them. 

Average Composition of the Earth’s Crust^ 

ONE MILLION PARTS CONTAIN 


I Oxygen 

492,000 

15 Sulphur 

600 

2 Silicon 

256,700 

16 Barium 

400 

3 Aluminium 

75,000 

17 Chromium 

530 

4 Iron 

47,100 

18 Fluorine 

300 

5 Calcium 

33,900 

19 Nitrogen 

300 

6 Sodium 

26,300 

20 Strontium 

ZOO 

7 Potassium 

24,000 

21 Nickel 

zoo 

8 Magnesium 

19,300 

22 Vanadium 

160 

9 Hydrogen 

8,700 

23 Copper 

104 

10 Titanium 

5,800 

24 Zinc 

39 

11 Chlorine 

1,900 

25 Lead 

zo 

12 Phosphorus 

1,100 

26 Arsenic 

3 

13 Manganese 

900 

The other 64 elements* 

}>844 

14 Carbon 

800 


1,000,000 


^ After Dr. Henry Louis following F. W. Clarke. 

* These are not included in the list because they ate unimportant or difficult to 
analyse or negligible in quantity. 
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Consider such an element as copper. Less dian one part in ten 
thous an d of the “magma” from which rocks are formed is made 
of copper; but great masses of copper ore containing from j to 
50% of copper are foimd in various parts of the world. How did 
this ore sort itself out of the magma? 

These ores of metals usually fill up cracks in tihe rocks — 
“faults” — or else they form masses which appear to have pushed 
their way among the shattered rocks. Often a “vein” or “lode” 
of ore runs up a fissure and pushes branches in between the 
layers of sedimentary rocks showing that it was injected into the 
crack as a liquid. The commonest ores of metals are sulphides — 

combinations of the 
metal with sulphur. 
Iron, lead, zinc, 
copper, nickel, anti- 
mony, mercury and 
a good many other 
metals ate very com- 
monly foimd as veins 
or masses of mixed 
sulphides. The very 
difficult and not wholly settled question of how these ores 
separated out from the magma can hardly be put in a few 
sentences. The best way to think of the matter is to consider the 
original hot melted magma as containing all the elements in the 
table on p. 75 1. Now a mixture like this contains a great variety 
of molecules: all sorts of compounds of these elements can be 
formed. We can think of the magma, then, as a hot solution of all 
maimer of oxides, sulphides, silicates, etc. As it cools, chemical 
compoimds — minerals — will crystallise out as sopn as the 
gradually cooUng “solution” becomes saturated (p. 85) with 
them. First, there separate the minerals of the common elements — 
silicon, oxygen, aluminium, iron, magnesium, sodium, potassium, 
calcium, etc. Thus, on cooling the magma, crystals of quartz 
(i.e., silicon oxide), of mica (potassium aluminium silicate, often 
with iron and magnesium), of felspar (potassium or sodium 




Fig. 414. — ^Mineral (black) filling a fissure in the sur- 
founding rocks. 
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aluminium silicate) come out and constitute granite. These 
crystals leave behind a liquid rock containing all the less common 
elements^ and as it cools, further compounds of these may separate 
as solid crystals or as molten liquids (as oil separates from water). 

Probably these sulphides Uke iron pyrites and zinc blende are the 
remains of huge masses of liquid magma from which all the 
common elements have already separated as granite or some other 
common rock. 

Some ores have been deposited from water. Very hot water — 
under great pressure and far above its normal boiling point — 
certainly occurs in the depths of the earth. Such water has a 
vastly increased solvent power and is believed to dissolve certain 
materials out of igneous'rocks and deposit them in the veins along 
which it flows. Many important ores must have deposited in this 
way, for they are decomposed at any temperature which could 
occur in the molten magma. 



CHAPTER XXXm 


Floating Continents 

T WO great problems have been left unsolved. First, what 
force crumples the earth’s crust and raises the mountains? 
Secondly, why is the land and water of the globe distributed in 
huge masses — oceans and continents — ^instead of being dotted 
about anyhow? 

The answer which has attracted much attention and con- 
troversy in recent years is Wegener’s theory of Drifting Con- 
tinents. There are several grave objections to it, but it links 
together so many facts so suggestively that it deserves discussion, 
though not an unreserved acceptance. 

In the first place, we have seen that it is pretty clear that the 
continents ate normally made of sedimentary rocks on a granite 
foundation. This granite foimdation may be from ten to thirty 
miles thick. The deep oceans, on the other hand, under their 
negligibly thin sedimentary layers have a basaltic floor. Of course 
it is impossible to take samples of the rocks beneath the oceans, 
but we have some indirect evidence. Small oceanic islands 
usually have a basalt foundation. Moreover, the pull of gravity 
is a little more at sea than on land, which would be accounted 
for if the heavier basalt (roughly three times as heavy as water) 
were beneath the sea, and the lighter granite (two and two-third 
times as heavy as water) were beneath the land. Now land- 
volcanoes frequently and island volcanoes almost invariably 
produce lava of the basaltic kind; so it appears that there is basalt 
underneath the granite. We thus get a picture of continents of 
granite resting on, and partly submerged in, a layer of basalt. It 
is believed, then, that the lighter granite continents are actually 

7J4 
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Floating Continents 


floating in the heavier 
basalt magma just as a 
cork floats in water! 

Now anything which 
floats displaces its own 
weight of fluid: that is 
to say it rises to such a 



Fig. 415. — Floating block of wood, showing te - 
lation of emergent portion to submerged 
portion. 


height that the amount of 

the liquid which it has pushed out of the way is equal in weight to the 
whole of the thing which floats. Fig. 413 is a picture of a wood block 
of an area nine square feet and depth of one foot floating in 
water. The water weighs 62.3 lbs. per cubic foot, the wood 


weighs 50 lbs. per cubic foot. 

The block is clearly 9 cubic feet and weighs 9 X 50 = 430 lbs. 
So it pushes 450 lbs. of water out of the way. 45 0 lbs. of water is 
4 JO -r 62.3 cubic feet. The water pushed out of the way by the 
wood, forms a block 3 feet X 5 feet in area and say feet deep. 
Then, 3 X 5 X ^ (nine times d) is its volume and this must be 
4JO 62.5 c. ft. The depth d then must be a ninth of this, i.c., 
450 ~ 62.3 -r 9 feet = I of a foot. So our wood block would 
float with ^ out of the water and f in it. 

Now we have seen that there is some reason to believe con- 
tinents are blocks mainly of granite, and with a mean thickness of 


twenty miles. 

Granite weighs 2.65 x 62,5 lbs. per cubic foot. Basalt weighs 
3.0 x 62.5 lbs. per cubic foot. The sea averages about 
miles in depth and weighs about 63 lbs. per cubic foot. It is not 
difficult to see from this that it can be calculated how high a 
granite continent 20 miles thick should float above sea-level. It 

works out somewhere about 



GRANITE CONTINENT 
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Fig. 416.— How a gtanitc continent (d. 2.65) 
might float in basalt magma (d. 3.0). 


2,000 feet, which is nearly 
right for some continents. 
We are, of course, uncertain 
about die thickness of the 
granite under a continent, 
so our calculation is bound 
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to be uncertain; but it is significant that the answer is not far 
from the truth. 

This theory would account for several things. First, it makes it 
easy to account for the rise and fall of land which is always going 
on. If sediment was being rapidly deposited in the shallow edge of 
the sea, the weight would sink that part of the continental shelf 
and allow room for more sediment to deposit, and so allow for the 
laying down of very thick layers of rock which, we find, are 
formed without filling up the seas. Secondly, if the continents 
are floating on the basaltic magma as icebergs float in the sea, they 
may driftl This notion of drifting continents is the theory of 
Wegener, 

Of course such drifting would be very slow, for the con- 
tinental masses would be floating not in thin water but in thick 
pitchy magma. We cannot find any force adequate to cause this 
drifting: this is a serious objection to the theory, but not a fatal 
one, for we are very ignorant about all that goes on more than a 
couple of miles below the surface. Let us rather see if there is 
evidence that such drifting has really occurred or is occurring. 

The first piece of evidence is very easily appreciated. The east 
coast of the Americas if slid across the globe would fit really 
quite simply into the contour of Europe and Asia. Labrador and 
Baifin Land would fit snugly on to Greenland. So North America 
and Greenland could be pushed across to fit against the coast of 
Europe. Now if this were done, not only would the coasts fit 
well (allowing for millions of years of raising, lowering and 
erosion) but the rocks would fit. Strata which are found in 
Norway and Scotland would join up with similar strata in 
Labrador. Just the same is true of the rocks of England, France 
and the U.S.A., and also of South America and South Africa. 

All these facts then fall into place if we believe that at one time 
Europe, Africa and the Americas were joined, probably in the 
tertiary period, 60 million years ago, and have since drifted to their 
present positions. A motion of two or three inches a year is all 
that is needed to do it. If we believe in this drifting it gives us a 
very possible explanation of the force which has raised the great 
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mountains. The great mass 
of Africa has drifted north- 
ward from its original 
position by the south pole 
and met the vast mass of 
Europe. It has driven the 
whole crust of the earth 
northwards for fifty miles 
or more and so raised the 
huge mountain masses of 
the Alps and Gmcasus. 

India has drifted north 
against the mass of Aisia and 
raised its southern edge 
into the vast but not very 
ancient range of the 
Himalayas. 

Wegener supposes that 
a condnent as it drifts will 
raise its forward edge, 
which feels the strain most, 
into the folds of mountain 
ranges. He believes that the 
Americas drifting rapidly 
west from Europe and 
Africa have raised the Rockies and the Andes by this onward 



Fig. 417. — ^The continents as they may have 
been on Wegener’s theory (top) 

250.000. 000 (middle) 50,000,000 (bottom) 

1 5.000. 000 years ago. (After Wegener.) 


thrust. 

Not only does this theory explain the shapes of the continents 
and the position of their great mountains, but it goes fat to 
explain the animals which inhabit them. 

First of all, a number of the less active species which would 
be barred by great mountain ranges or seas inhabit the southern 
continents and not the northern, while other species inhabit the 
northern and not the southern. If we believe that the continents 
have not been separated in a fairly recent geological period, we 
are forced to believe that these creatures have been able to 
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distribute themselves acxoss wide ocean but not across the smaUer 
obstacles of small seas or of mountain ranges. Thus it is well 
known that pouched animals, “marsupials,” are usual in Australia. 
They are also (in the form of pouched opossums) found in South 
America. 

The lemurs too are in Africa, India and the Malay region, but 
not in North America or in Asia north of the I^malaya. It 
seems that definite separate fauna in the northern and southern 
continents existed before the continents were separated. Since 
then there has been much migration: but there still remains a 
number of differences following the line drawn along the 
Himalaya, Mediterranean and the junction of North and South 
America. 

This theory of drifting continents may soon be tested by 
actually measuring the drift. The change of a few inches a year 
is not easy to be certain about: but in fifty years’ time or less the 
answer to the question whether continents are now drifting should 
certainly be known. 

Until the theory has thus been tested we must remember that 
it has been seriously attacked. In the first place the earth’s crust is 
rigid and a small force indefinitely applied will not serve to 
deform it; we know of no large force which would supply the 
tremendous effort needed to shift continents and raise moimtain 
ranges. 

Other difficulties, too, have been raised. The regions of cold 
and heat at certain geological periods do not in all cases cor- 
respond to the parts of the world which, according to Wegener’s 
theory, must have been near the poles and the equator respectively. 
It has been claimed by some that the thermal contraction theory 
of moimtain building is enough to explain the raising' of the great 
mountain ranges. 

The notion of drifting continents is still, then, a centre of active 
work and discussion, and decisive evidence is still awaited. 



CHAPTER XXXIV 


The Sun 

BEYOND THE EARTH 

W E have looked into the earth as deeply as we can; let us 
now look outward from it. Beyond the region of the 
atmosphere we see the sun, the moon, die bright points of light 
we call stars and planets, and occasionally the. strange tailed 
bodies we call comets. Our information about these is largely 
limited to what we can learn from the light that comes from them. 
We can map out where they ate and how they appear to move. 
We can see the surface of a few of them — sun, moon and the 
larger planets — and can therefore get some idea of what they look 
like. We can measure their size if they are big enough to appear 
as more than a point of light. We can find the mass of the sun, 
moon and planets by seeing how strongly they attract the earth 
(whose mass is known) or each other. Lasdy, by examining the 
spectra of the stars, we can tell what elements they contain, how 
they move and how hot they are. These are the chief things 
astronomers can learn about die universe, but from them he can 
make a great number of calculadons and probable estimates. 

MAPPING THE SKY 

First of all, how is the astronomer to measure the position of a 
star or planet? Till he can do this, he has no way of finding out 
how it appears to move. He defines the place where a star is by 
laying down the angle at which a telescope would have to be 
pointed at a given moment to show the star in the exact centre 
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Fig. 418. — ^The position of the star nuy be defined os 260° of aaimuth 
and 30* altitude. 

of its field of view (usiialljr marked by fine cross wires). This 
angle is most simply expressed by saying the star has so many 
degrees of altitude and so many degrees of azimuth. Its altitude 
is the vertical angle between the star, the eye and the horizon. 
The azimuth is the horizontal angle between the meridian 
the true north and south line (Fig. 418, NS), the observer 
and the point on the horizon which appears to be immediately 
imder the star, tlie angle being reckoned from the south point 
westward (Fig. 418). 

There are several other ways of reckoning the position of the 
stars, but they all come to the measuring of two angles. 

The angles ate measured by telescopes which have circles 
marked in degrees, minutes and seconds (Fig. 311) to show the 
angle they are making with the horizon or with the meridian. 
It is easy to see that if observations of the various heavenly bodies 
are made night after night for years, it will soon be very dear 
how they appear to move. 

Now the result of diese measurements is to show that the 
apparent motions of the sun, moon, stars and planets, their 
risings and settings, are completely explained if we believe that — 

(i) The earth and the plwets all rotate on their axes and at 
the same time revolve round the sim in orbits which are 
very nearly drdes (but are actually ellipses). 
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(2) Smaller bodies, theit satellites or moons, revolve round 

most of the planets. 

(3) The stars are so distant that although actually moving very 

rapidly they cannot be perceived to move relatively to each 
other at all. 

The solar system is the name given to the sun and the planets 
which revolve round it with their attendant moons. It covers an 
enormous tract of space compared with the earth and a very 
insignificant one compared with the whole universe. 

Think, first, how vast the whole earth is compared with our- 
selves. Then realise that our earth in proportion to the solar 
system is like a single sand gnun in a London square. Then 
realise that the solar system beats the same relation to the size of 
the universe, as judged by the distance of the furthest star-cluster 
yet measured, as a single sand grain bears to the whole of Africa. 


THE SON 

it will be easiest to have a look at the solar system first, and 
later see how it may have come into being. The sun, the centre 
of our solar system, is a small star. It will be a good illustration 
of the way these things ate done if we consider how the 
astronomers have measured its size, its weight and distance. 
The first of these to be measured is its distance. The distance 
of the earth .from the sun varies a little from one time of the year 
to the other, but the method of measurement remains the same. 
The distance is a very important one, for once it is known, all 
the distances of all the planets can be worked out from it and 
from the times they take to complete their orbits. There are 
several ways of measuring it. Most of them involve much 
mathematics. One can see how long it takes the planet Venus to 
cross the disc of the sun when viewed from different parts of 
the earth. But Venus only crosses the sun’s disc about twice a 
century, so this method is not exaedy of everyday application. 
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One can measoie the distance of the eatth from some neat 
planet like Mars on much the same principle as that upon which 
the distance of a near star is measured (p. 795). It is possible, 
knowing the distance of any two planets and the times they take to 
complete an orbit, to calculate all the others. But there is one way 
whi^ is fiiirly easy to imderstand, though it is not so accurate. 

If you have forgotten about the Doppler principle, read 
pages 585, 386 again, for it crops up continually in astronomy. 
Suppose we select a star in 
the part of the heavens which 
the earth is directly ap- 
proaching at the moment 
^ig.419). Suppose also that 
this star is stationary relative 
to the sun.i We focus a 
spectroscope on the star and 
observe the position in the 
spectrum of some line — say 
the yellow D line of sodium. 

A sodium atom is, as far as we know, quite unalterable and gives out 
the same light on a star as on the earth. The light of theDlinefroma 
stationary sodium atom, is known to give 5.0901X10^* waves 
per second, each wave being 0.00003893 centimetres long. Now 
when the earth is approachhig the star we find that the sodium 
line in the spectrum is shifted a little towards the blue end of 
the spectrum, from which we can calculate that we receive from 
the star 5.0906 x 10^* vibrations per second of sodium light, that 
is .0003 X 10“ or 3 X 10^® vibrations more than we should from 
a stationary sodium flame. Gearly, then, the earth is catching up 
5 X lo^® waves of sodium light every second. Each wave is 
3893X10“® centimetres long, so the waves which the eatth is 
catching up cover a distance of 5 x lo^® x 3893 x io~® cm., which 
is 29.46 kilometres or 18 miles. So the es^ must be going 
towards the star at 18 miles a second. But the earth gets round 

^ Only for the purpose of our caloilations. Any star can be selected and its 
motion ^owed for in a very simple way. 



Fig. 419. — ^The earth, in the part of its 
orbit illustrated, will receive more light 
waves per second from the star, than it 
would 6 months later. 
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Fig. 420. — Knowing the len^h of 
the earth’s orbit, we can calculate 
the sun’s diameter. 


its orbit in a year, which is about 51,560,000 seconds, so its orbit 
must be 18x31,560,000 miles long. If the orbit is a circle its 
radius, the distance from the earth’s centre to the sun’s centre, 
is the circumference (18x31,560,000 miles) divided by air, 
6f nearly. This gives a radius of 90,000,000 miles. The actual 
distance is 92,800,000 miles: the above calculation is based on 
approximate figures. 

this result it is not 
difficult to get the size of the 
y sun. If a telescope is focused 

[ i I “edge” of the sun, 

j then on the other, the telescope 

\ r“” has to be moved through 52 

\ / minutes, about half a degree. 

There are 560 degrees in a circle 

Fig. 410. — Knowing the lenMh of and 360 X 60 minutes, SO the sun 
the earth’s orbit, we can emulate 

the sun’s diameter. Occupies ^ of a circle 

360 X 60 

drawn with the earth as centre and with a radius of 92, 800,000 miles. 
The circumference of this is 92,800,000 X 2 x 3I miles, and so the 

, j. ^ . 32 X 92,800,000X2 X5y ^ • „/• -t 

sun s diameter is — that is, 864,000 miles. 

360x60 

This distance of 864,000 miles is about 109 times the diameter 
of the earth. 

The distance and difference of size between the earth and the 
sun is easily visualised if we think of the earth as a mustard seed 
(^^0 inch ffiameter) and the sun as a water-melon (5^ inches 
diameter) at a distance of fifty feet. 

We can weigh the sun by calculating that its pull on the earth 
is exactly balanced by the so-called “centrifugal force.” The force 
required to keep the earth moving in a circular orbit with a steady 
speed is given by multiplying its mass (6 x 10*’ grams as calcu- 
lated on p. 160) by the square of its velocity (29.76 km. sec. or 
29.76 X 10® cm. sec.), and dividing by the radius of the orbit 
(1.494X10“ cm.). This force must equal the graviutional 
attraction between the masses of the earth and sun. 
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The “centrifugal force” will be: 

6 X 10” X (Z9.76 X 10*)* 

1.494X10“ 

and the sun’s attraction for the earth will be equal to the 
earth’s mass multiplied by the sun’s mass multiplied by the 
gravitational constant (p. 162) divided by the square of their 
distance. Gill the sun’s mass S, then the “attraction” will be: 

S X (6 X 10”) X (6.66 X io~^) 

(1.494X10“)* 

So: 

S X (6 X 10”) X (6.66 X io~®) 6 X 10” X (29.76 X 10®)® 

(1.494 X 10“)* ~ 1.494 X 10“ 

and by solving this little equation: 

S =2 X 10“ gms. nearly or 2,000,000,000,000,000,000,000,000,000 
metric tons. The earth weighs 6x10*® gms. so the sun is 
2X1 o®® 

or 2)0,000 times heavier. 

6x10®® ” 

Exact calculations show that the sun is 332,000 times as heavy 
as the earth, and as it is about 1,500,000 times as bulky, it must 
be made of much lighter materid than the earth. The spectro- 
scope, however, shows that the sun is made of very much the 
same stuff as the earth. The conclusion must be that a good deal 
of the sun is in the form of gas. 

The sim rotates just as the earth does. We can tell this because 
spots are often seen on its surface. It appears to rotate in a period 
of about a month. An odd point is that the sun at its equator 
completes a revolution in 24 days 16 hours, but near the poles 
it takes about 34 days. The sun is probably so hot that it is all 
liquid or gas, so it is quite possible for some parts to move 
quicker than others. 

We have no direct information about the inside of the sun. 
The outside is revealed to us as a sea of scorching flame, far 
hotter than any furnace, shaken and tossed by storms for which 
we have no comparison on earth. 

The naked eye can tell very little about the sun, even when it 
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is viewed through a dark glass. But photographs taken through 
a telescope give much more information. Plate XXXVI shows the 
curious mottlings which are noticed. They move considerably 
faster than a rifle bullet (15-20 miles a second) and are ever 
changing like clouds or waves. 

They are very probably clouds of glowing gas. Each of these 
mottlings is about the size of France, so ^ey are more easily 
visualised as clouds than waves! The sun’s surface is co ntinually 
swept by these racing hurricanes of white hot gas. 

The surface of the sun, when photographed, very commonly 
shows sunspots. These are patches — ^well shown in Plate XXXVl 
— ^which appear to have a darker centre and a lighter band of 
shadow round them. 

The centre is dark only in comparison with the rest of the sun. 
Actually it is blindingly brilliant. The sunspots are probably 
gigantic storms, like a cyclone on earth but of vastly greater 
proportions. The darker centre of a large sunspot would com- 
fortably contain two or three earths. The spot seems to be a 
huge irregular vortex or whirlwind. The centrifugal force drives 
the gas outward and so lowers the pressure at the centre. When 
a gas has its pressure lowered, it becomes cooler — this accounts 
for the darker centre. At the same time, a vast hole opens into 
the sun’s interior (for just the same reason as a “hole” opens in 
your tea when you stir it), and thence stream forth vast quantities 
of electrons — presumably liberated by the breaking up of atoms 
at the huge temperatures which prevail within the sun. These, 
circulating in the spot, make a rotating electric current and a 
magnetic field is developed as powerful as that between the poles 
of a big electromagnet. The eflect of the stream of electrons is 
felt on earth. Big sunspots often cause a brilliant aurora (p. 726), 
and also “magnetic storms,” in which compasses behave in an 
erratic manner. 

That a sunspot really is a titanic whirlwind is clearly shown by 
picking out with a spectroscope the light given by the hydrogen 
atoms in the sun only and photographing the sun by this. 
The clouds of glowing hydrogen are seen to be streaming in great 
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voftices as big as the whole earth. That the sun’s surface should 
be the site of colossal storms is, after all, not surprising; the 
conditions on earth which bring about storms are <Merences of 
temperature, rarely as great as 50° C., and differences of pressure 
of up to a pound per square inch. The temperature differences 
in a sunspot may be 1000° C. and the pressure of the sun’s 
atmosphere is at least 50 times that of ours. 

Very remarkable features of the sun’s surface are the promin- 
ences. These can be seen at any time with special instruments 
(Plate XXXVI): but in a total eclipse, when the moon just blots 
out the actual surface of the sun, they stand out as fiery red tongues 
of flame sometimes as much as half a million miles high and 
streaming up at three himdred miles a second. They seem to be a 
sort of eruption of gas, rhainly hydrogen, arising often, but not 
always, from a stmspot. The gas is very rarefied and at a very low 
pressure and can hardly be compared to an earthly flame. 

These prominences arise from a layer called the chromosphere, 
which is a sort of upper atmosphere of the sun. Though this layer 

is seven or eight thousand 
miles deep, it bears about 
the same proportion to the 
body of the sun as the 
earth’s atmosphere does to 
the earth. Outside this 
glowing upper atmosphere 
of the sun is a bright “aure- 
ole,” called the corona, 
extending some 250,000 
miles from its stirface 
(Plate XXXVII), It is very 
difficult to observe except 
at a total eclipse. It is an 
extremely beautiful object. 
It seems to be the result of 
the scattering of sunlight 
by molecules shot out of 


Isrtft on same icaJe 



Fig. 421. — Diagram of the structure of the 

sun. 
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the sun. The carious streamets which recall the lines of force 
round a magnet are not understood. 

The interior of the sim is of coarse quite unobservable. We 
know that it must be largely of the nature of gas, because it is so 
light. We know also that it must be far hotter than the sun’s 
surface, because heat energy is always being radiated from the 
surface. Its place must be taken by heat from within the sun, 
and this can only flow outward to the surface if the sun is 
much hotter at the centre than at the surface. A temperature 
of 20,000,000“ C. has been calculated for the siin’s centre: our 
highest earthly temperatures have reached 4000“ C. Temperature 
is the kinetic energy of moving molecules. The lighter molecules 
on earth go about as fast as a slow rifle bullet: at the temperature 
of the sun they would be moving at a pace of about a hundred 
and twenty-five miles a second. 

The energy radiated by the sun is enormous. Every square 
inch emits enough energy to run a fifty horse-power engine 
continuously. The whole sun throws off into space energy at 
the rate of 50,000,000,000,000,000,000,000 h.p., of which our 
earth succeeds in capturing 250,000,000,000,000. If we could 
utilise the sunshine which fails on the Sahara alone, the world 
would need no other source of power. The temperature of the 
surface of the sun can be estimated from this. If we assume the 
surface of the sun to be the best sort of radiator — the kind of 
material which gives out most heat at a given temperature — its 
temperature would be about 6000“ C. It is probably, however, 
quite a poor radiator and therefore much hotter. A temperature 
of 6000“ C. has never been attained on earth. Possibly 4000“ C. 
may have been reached by sending big electric discharges through 
small wires. 

Where does this lavish flood of energy come from? If the sun 
were simply a hot substance cooling, its temperature would be 
dropping more than 1“ C. a year. Now 500,000,000 years ago, 
when the first living creatures swam in its seas, the earth was 
not 50“ hotter. If the sun has simply been cooling at one degree 
a year, like a red-hot poker, it must then have been at least 
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500,000,000° hotter. Such an unheard of temperature vould be 
enough to melt the earth: probably it would cause the sun itself 
to expand into a great glowing mass of gas reaching out as far 
as the earth’s present orbit. 

So clearly the sun must have been getting its radiation from 
other sources than its own capital of heat. A number of theones 
have been suggested to account for the sun radiating heat and 
light for some 2,000,000,000 years and getting very little hotter 
or colder. Only one of the suggestions is reasonable: that in the 
sun energy is being released from atoms. This can happen in 
two ways. Hydrogen atoms consisting of an electron and a 
proton could be forced together to make the nucleus of a larger 
atom. A sodium atom is made up of 25 protons and 23 electrons. 

Now an atom of sodium is lighter dian 25 hydrogen atoms, 
although it is made of the same numbers of protons and electrons.^ 


Twenty-three One sodium 
hydrogen atom corn- 
atoms each posed of the 
hke this weigh same units 
23.179 units, weighs 22.997 
units. 

Fig. 422. — A possible source 
of the sun’s energy. If 
hydrogen becomes sodium 
in the sun, 0.78% of its 
mass is lost. One gram of 
mass becomes 9 x 10 - " ergs 
of energy, 

has to the North Sea. 

Since the radioactive elements like uranium are always breaking 
up and forming a particular kind of lead, and since ^ere is not 
such an enormous amount of that kind of lead in the earth. 

If the protons and electrons on being combined into the sodium atom produce 
some neutrons, the argument still holds. 



So if twenty-three grams of sodium 
were made in this way, o. 1 82 (nearly 
of a gram would disappear! 

Now it has been convincingly shown 
that one gram of matter can be converted 
into 900,000,000,000,000,000,000 ergs 
of energy. So if hydrogen in the sun’s 
interior was being built up into heavier 
elements at the rate of about 
2,500,000,000 tons a second, the 
energy that the sun radiates could be 
accounted for. This is a bit difficult 
to believe, but the sun is so enormous 
that this quantity bears the same 
rehlion to it as a teaspoonful of water 



PLATIi XXXV 



{Above) A horizontal “sill’’ of igneous rock overlying a sedimentary rock. 
{Ikloii^ A vertical dyke of igneous rock forced upward as a liquid lava 
through a crack in the overlying strata. 

((:r(nvn copyright: By courtesy of the Controller of H.M. Stationer)' (Mcc.) 


PI^VTl^ XX XVI 



Phcjtc.gmnh of the sun taken hy calcium liulir, show inp; florculi 
anJ prominences. (ii\' v*ouriesy of J. I-.\ershecJ, I'.sci., Surrey.) 
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uranium must have been made some time, probably much less 
than a million million years ago. It is reasonable, then, to suppose 
that uranium must have been built up in the sun when the earth 
was still a part of it. Other elements too may very well have 
been built up in the same way. There seems, too, to be a great 
deal of hydrogen, the simplest building material, in the largest 
and presumably youngest stars. 

Another way of providing the energy is for a positive proton 
and negative electron to meet and make — nothing but energy! 
The sun could, in this way, provide its energy by annihilating 
only about 4,000,000 tons of matter a second. It is so large that 
in a million million years — three times the probable life of the 
earth — ^it would not have lost one-tenth of its weight. 

An objection to this latter theory is thataprotonandan electron, 
by amalgamating, would probably produce a neutron with almost 
the same mass, so that no g.eat amount of energy would be 
bberated. A positron (p. 528) and an electron (p. 528) would 
neutralise each other and give notlung but energy, but posit%>ns 
are too infrequent for this to be effective. At present opinion is 
inclined to favour the view that the building up of hydrogen is 
a more probable source of energy titan tlic mutual annihilation 
of protons and electrons. It is possible that botli ejqplanations 
are sometimes true. When a star is “young” it probably builds 
up elements from hydrogen: later in its existence it may annihilate 
protons and electrons. 





CHAPTER XXXV 


The Planets 

THE SOLAR SYSTEM 


W E now know something about the centre of the solar 
system. Revolving in orbits round the sun are a number 
of planets, with attendant satellites. There are ten large planets 
and a collection of some hundreds of asteroids, small planets 
from 500 miles to a few thousand yards in diameter. 

The orbits are roughly in a single plane, which is the plane of 
rotation of the sun. This would be very unlikely if the arrange- 
ment were a matter of chance, but if, as we have reason to think, 
the planets were thrown off from the sun as a single elongated 
mass, it is not surprising. If, on the other hand, the planets 



were chance travellers through 
space, gathered into a system 
by the sun’s attraction, the 
plane of the orbit of one 
planet might well be at right 
angles to that of another. 

! The best way to visualise 
/ the solar system is to make a 
scale model of it. We will 
take as our scale one foot to 
a hundred thousand miles. We 
shall need a good big space 


' " for it! Well, in the middle we 

Fig. 424.--The planets, their distanc^^ have the sun, a fiery globe 

penods of revolution. I be diagram is . . - . . 

not to scale. eight foot SIX in diameter. 
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about as high as a rather tall doorway. We now take a walk 
and a hundred and twenty yards away we find the planet 
Mercury, like a small marble a third of an inch in diameter. We 
set off again, and when we are two hundred and twenty yards 
from the sun, we find Venus, like a ping-pong ball, about an 
inch in diameter. Another walk and three hundred and ten yards 
from the Sun is the Earth, about the same size as Venus, with 
the Moon, like a large pea, J inch in diameter and two feet six 
inches from it. Continuing our walk, we reach Mars four 
hundred and seventy yards from the Sun. It is represented by 
a fair-sized marble, half an inch in diameter. With it are two 
moons, one of which is just visible as a dust speck inch in 
diameter; the other being invisible ( inch). On again, passing 
a swarm of asteroids. The largest, in our model, are the size of 
small shot, the smaller ones mere specks. We meet these all the 
way through our journey to Jupiter, which we find just under 
a mile (1610 yards) from our central sun-globe. Jupiter appears 
about the size of a football (between ten and eleven inches in 
diameter). It has nine moons round it. The biggest is not much 
smaller than Mars. They appear, then, successively as two small 
marbles and several tiny specks at intervals of one foot to fifty 
yards from it. Leaving Jupiter, we find out model of Saturn 
about a mile and three-quarters from the Sun. It appears as a 
globe eight inches in diameter vrith the well known rings which 
will be mentioned later, and nine moons, the largest of which 
appears as a fair-sized marble, the rest being very small. Some- 
what exhausted, we plod on to Uranus, a globe about the size 
of a large grape-fruit and over three miles and a half from the 
model of the Sun. Its four moons appear like large shot and are 
from one to four feet from it. Off again for Neptune, just a little 
larger than Uranus and about five and a half miles from die Sun. 
Out journey only ends when we reach Pluto. This is probably 
very small and we shall therefore end our journey over seven 
miles from the central globe and there find a body like a small 
shot representing the outermost planet. 

The remarkable thing about this solar system is its remarkable 
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emptiness. If our model were set out on an open plain, you 
would have a very good chance of walking through it and 
noticing nothing but the model of the SunI But its emptiness 
is notliing to that of space. If outer space were included, we 
should walk sixty thousand miles in our model after we left Pluto 
before we met the model of the nearest star <7-Centauri, which 
would appear as a fiery globe, much Uke the model of the Sxm. 

All the planets revolve in orbits round the Sun. It is rather 
necessary to understand why the Earth (and the other planets) 
go round the Sun instead of falling into it. Imagine a globe a 
hundred million miles from the Sun and at rest relatively to it. 
The Sun and it would attract each other. It would rush inward 
at an ever increasing pace and widiin a few days bury itself in 
the Sun. 

Now consider the Earth. It is revolving round the Sun at the 
rate of one revolution a year. The Earth therefore tends to 
move on in a straight line and it is kept in a circular path by the 
attraction of the Sun. The Sun’s gravitational pull exactly balances 
the tendency of the Earth to fly off in a straight line, the tendency 
usually described as centrifugal force. The calculation has already 
been set out in a simple form on p. 764. It is not exact because 
the Earth’s orbit is not an exact circle and because the other 
planets, the Moon, etc., all aflect its path. But the result emerges 
that the Earth remains in its orbit because the Sun’s attraction 
exactly balances this tendency to fly olf in a straight line. A 
“balance” sounds rather precarious, but it is not so. For, suppose 
the Earth were forced by some imaginary giant to go a million 
miles nearer to the sun. Then its potential energy (the work it 
could do by dropping into the Sun) would obviously become 
less, because it could not then fall so far or so fast. This energy 
cannot be lost, so it would appear as kinetic energy and the earth 
would move faster in its new orbit. This would increase the 
“centrifugal force” which would force it outwards and back to 
where it was before. Thus the earth’s orbit is stable: if it departs 
a little from its path, forces will drive it back again to it. 

The time a planet takes to get round its orbit does not depend 
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on its mass, because this must affect both the attraction inward 
and the centrifugal force outward in an equal ratio. It depends 
only on its distance from the sun. The rule is that the time in 
years to complete its orbit is one nine-hundred-thousand-millionth 

square root of the cube of its distance (in miles) 

Try it for Mercury. It is 36,000,000 (56xio*) 
The cube of this is 56 X 56 X 56 x lo^®, the 
This divided by 9 X 10^^ 


<9X10^1 
from the sun. 
miles from the sun 
square root of this is 6 x 6 X 6 x 10®. 


gives 


6x6x6x10® 24 


9X10 


11 


= — — or .24 of a year or 87.6 days. The 


100 


actual period is 87.97 days. 

We have assumed that the orbit is a circle; this is not quite 
true. The orbit is actually an ellipse. An ellipse is a curve, every 
point of which has the same total distance from two points called 



Fig. 425a. — Tlic elliptical orbit 
of a planet. F, F are the foci 
of the ellipse. 



Fig. 425b. — Drawing an ellipse. The 
sum of the distances of the pencil 
point from the two pins F, F is 
always the same. 


the foci. Fig. 4zj shows how an ellipse can be drawn with two 
pins (the points) and a loop of thread, the length of which, less 
the bit between the pins, is the “distance which is always the 
same.” The sun is always at one focus of the ellipse. Now the 
nearer together the foci are, the more nearly the ellipse approaches 
a circle, and most planetary orbits are nearly circles. A few of the 
asteroid have much “longer” or more eccentric ellipses while 
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comets often move in elliptic paths which at their nearest come 
within a few million miles of the sun and yet pass right outside 
the whole solar system. 

The conditions on the other planets are always exceedingly 
interesting, because we feel that there might be living creatures 
on some of them. No living creature of the kind we find on earth 
could live at a permanent average temperature of about 75° C. 
nor probably at an average temperature of below -50° C. The 
upper limit is the point at which protein molecules are altered: 
possibly creatures might be evolved with protein molecules 
resistant to higher temperatures, but it seems impossible to 
visualise life above the boiling point of water. It is sometimes 
suggested that “animals” with entirely different kinds of bodies — 
not made of carbon compounds — could exist, say, in the sun. 
This is not the sort of speculation with which science concerns 
itself, but it seems very unlikely, because none of the conditions 
of life, which essentially involves change in response to environ- 
ment, can be fulfilled by the small stable molecules wliich alone, 
can exist at high temperatures. We might reasonably, then, 
expect life to be possible on a planet with an average temperature 
between - 50° C, and too® C. An almost certain necessity would 
be water and some form of atmosphere. 

It is an odd fact that the e^th’s atmosphere is nearly all oxygen 
and nitrogen, while that of the great planets Jupiter and Saturn 
contains ammonia and methane. Since all the planets must have 
come from the sun, it would be reasonable to expect that they 
all started with the same atmosphere, A possible theory is that 
all the planets had an atmosphere containing carbon dioxide, 
nitrogen and hydrogen. The light hydrogen atoms would escape 
from the earth’s atmosphere into space: plants subsequently may 
have converted the carbon dioxide into oxygen and the carbon 
now present as coal, oil and living creatures. Jupiter and Saturn 
are so large that they would be able to retain their hydrogen. 
Their powerful gravity and (probably) very deep atmospheres 
may make their atmospheric pressure huge. In these circumstances 
hydrogen and nitrogen would combine and form ammonia 
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(p. 648), while hydrogen and catbon dioxide would produce 
methane (C02+4H3=CH4+2H20). The theory is tempting, 
but rests on a good many uncertain assumptions. 

MERCURY 

The innermost planet, Mercury, revolves in an intense glare 
of sunlight about nine times as powerful as that on earth. Since 
it is so near the sun — 36,000,000 miles — it can only be seen near 
the sun, i.e., at sunset and sunrise. It travels round the sun in 
88 days. It is not easy to tell in what period it rotates, because 
no clear marldngs can be seen on its surface. Some believe it 
rotates about once a day, others that it rotates once in 88 days--- 
always keeping the same face to the sun. Mercury reflects only 
about a fourteenth of the light that falls on it. It cannot then 
have many clouds and is probably dark desert rock, which we 
know’ reflects about this proportion of light. There appears to 
be no air on it. Its “edge” is perfectly sharp. It is so light tliat 
even if it ever had an atmosphere it could not keep it. Its weight is 
only a twenty-third of the earth’s and so gravity at its surface would 
be only about a quarter^ of what it is on cartli. 

A man who could jump six feet on earth could jump 24 feet 
on Mercury. The result of this is that anything shot upwards 
from the surface of Mercury at two and a fifth miles a second 
would never return, while, on earth, a speed of nearly 7 miles 
a second would be needed (air resistance neglected). Mercury 
is so hot that if it ever had an atmosphere the most rapidly moving 
molecules would be travelling fast enough to escape into space. 
Mars with a smaller gravitation pull can retain its atmosphere 
because its molecules are cooler and move comparatively slowly. 

The temperature of Mercury’s surface at midday is about 
440® C., so Mercury is a blazing, airless, rocky desert, hot enough 

1 Not a twenty-third, because gravity depends both on the mass of the planet 
and the square of the distance from the centre. Mercury is only 1600 miles in 
radius while the earth is 4000. The gravity is then 

X =s about a quarter* 

23 vibooy 23 
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to melt 2inc and to boil mercury; illuminated by a huge sun 
three times the size of ours and beating down from a black sky. 

VENUS 

Venus is the nearest planet to us. At the closest it is only about 
25 million miles away. But at its closest, it lies between us and 
the sun and so obviously turns its dark side to us or only shows 
a thin crescent like a new moon. 



Fig, 426. — The phases of Venus. Note that the planet is invisible 
when at its nearest. 


Fig. 426 shows why we see Venus in phases like those of the 
moon, also why the crescent always appears when Venus is on 
the near side of its orbit and therefore looks much longer than 
the diameter of the full Venus. Venus is a very mysterious 
planet. Only vague and hardly visible markings can be seen on 
it with a telescope and consequently it is very difficult to tell 
how rapidly it rotates. The only method is to observe the light 
coming from one side and then from the other. One side must 
be receding and so the wavelength is very slightly lengthened 
(pp. 385, 586); the other side is approaching ffie earth, so the 
wavelength of the light received is shortened. But the effect is 
a very small one and all that can be said is that it probably rotates 
in two or three weeks. The ‘‘day” on Venus is therefore from 
a week to ten earthly days long, Venus reflects nearly two-thirds 
of the light that falls on it. Only snow or cloud would be likely 
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to leflect as much, and as V^us must teceive more heat than 
the earth, it is probably cloud. No one can tell what is below 
die clouds. Venus has an atmosphere above its clouds, for this 
can sometimes be seen lit up by the sun, but there is at present no 
evidence of oxygen or water-vapour in it. Venus must remain a 
puzzle to us. We might guess at hot and steamy lands, densely 
shadowed by never-parting clouds, and possibly inhabited by 
living creatures; but at present there seems no prospect of pene- 
trating the layer of cloud. A rocket-propelled sealed vessel could 
reach Venus if propelled from the earth at some ten miles a second. 
At this pace it could reach the planet at its nearest in about a 
month. 

Rocket-propelled machines are highly unreliable and ten miles 
a second is about a hundred times faster than a human being 
has yet travelled. None the less, a journey to Vends is not to be 
thought of as wholly impossible within the next thousand years. 
Venus at its nearest is ten million miles nearer than Mats at its 
nearest. 


THE MOON 

The earth we have already discussed pretty fully, but this is 
perhaps a good opportunity to talk about its satellite the moon. 
Neither Mercury nor Venus have moons, though all the other 
major planets have. 

The moon is by far the nearest of the heavenly bodies. It 
revolves round the earth in an almost exact circle about 240,000 
miles in radius. Of course the moon travels with the earth, so 
its path relative to the sm is not a circle but a wavy line alternately 
inside and outside the earth’s orbit. 

The light of the moon, like that of the planets, is reflected 
sunlight. Only half of the moon is illuminated at once. At “new 
moon” only the dark half is presented to the eye of an observer, 
at full moon the light half is seen and at intermediate phases 
pact of each half. Fig. 427 shows clearly why the moon shows 
“phases.” The moon rotates on its axis, but does so once a 
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Fig, 427. — Illustrating (above) the phases of the moon. 

When the earth lies between the sun and the moon the 
latter appears full. In the reverse position the moon will 
be invisible (new moon). Below. Measurement of the 
distance of the moon. 

mouth, thus keeping the same face always to the earth. We shall 
probably never know what the back of the moon is like, but no 
doubt it is very much like the frontl 

The distance of the moon is measured by determining at the 
same moment the altitude of a marking on it as seen from two 
different observatories, preferably several thousand miles apart. 
Ivinowing these two angles (y4, AP) and the distance between the 
observatories {b), it would be possible to draw a scale diagram 
and so show where the moon is. Actually, the distance of the 
moon is not plotted in a diagram, but is calculated by trigono* 
metry from the angles {A, A^) and the distance between the 
observatories. 

The weight of the moon is calculated from its orbit. It is only 
of that of the earth, whereas its bulk is about Con- 
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sequently the moon must be lighter than the earth, and it is 
probably chiefly made of the olivine-basalt layer of rocks with 
little or no nickel-iron cote. 

The moon is a dead world. There may have been life on it in 
the past; though this is unlikely, since it is too light a body to 
have been able to keep an atmosphere. The moon, as we see it 
to-day, is a desert of fantastic rocks and mountains as high as all 
but the highest of earthly mountains. The oddest features of the 
lunar landscape are the craters (Plate XXXVII). A circular range 
of mountains which may be twenty thousand feet high surrounds 
a level plain up to a hundred miles across, in the centre of which is 
often a smaller peak. These craters are very puzzling. They were 
at one time believed to be volcanoes, but they are unlike any 
earthly volcanic craters in size, though the walls and central peak 
rather recall them. But there seem to be no lava- masses round 
them such as would be expected near a huge volcano. The level 
character of the middle of the crater is also an odd feature. 

Some believe the craters to be the scars where huge meteors 
have struck the moon’s surface. But if so, why is there only one 
such crater on earth (in Arizona), and why have all the meteors 
struck the moon head-on and made neat round craters instead of 
elliptical ones, which would be expected from the more usual 
glancing hit? A third theory supposes that when the moon was 
just cooling from the liquid state, the gas in the molten magma 
blew up huge domes or bubbles, which later collapsed again. The 
edge of these remained as mountains; the centres were melted 
down again into a level plain. Since the force of gravity on the 
moon is but a sixth of that on the earth, it is quite reasonable to 
suppose that far greater masses of magma could be lifted by gas- 
pressure than would be possible on earth. 

Besides the craters, there are large darker patches called mariat 
“seas.” They are not water but are possibly plains of solidified 
lava. Other features of the moon are long cracks extending for 
hundreds of miles, and “rays” of queer light surface markings, 
possibly volcanic ash. The moon is without air and without 
water. Consequently nothing tends to change it: there is no 
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denudation and it is probably very much the same now as when it 
first solidified, probably 3,000,000,000 years ago. Nothing 
changes on the moon. We can see it so clearly and magnified so 
much that the Houses of Parliament would be visible as a speck, 
and if there were any woods or lakes or large rivers, they could be 
easily recognised. Descartes (1596-1650) believed that astrono- 
mers of the future would possess telescopes capable of displaying 
animals or human beings on the moon, if any existed. Our best 
telescopes can only show points 200 yards apart as separate and for 
the same sort of reasons which show us that there is a limit to the 
magnification of microscopes (p. 487), it is thought unlikely that 
telescopes will be greatly improved in this respect. There is no 
real certainty that any change takes place on the moon, although 
some astronomers think they have seen slight colour changes. The 
moon is intensely hot by day and cold by night. Water would 
boil in full sunlight on the moon: and carbon dioxide would 
freeze at the moon’s midnight. 

The moon is slowing down. Every day it drags the masses of 
water we call the tides round the earth, and it takes something like 
1,500,000,000 h.p. to do it. This energy comes from the moon’s 
rotation rouiid the earth. It is, therefore, slowing up. The tides, 
too, are acting as a brake on the earth, and, if the oceans do not 
disappear in the course of aeons, will ultimately bring it to the 
state when the same face of the earth always faces the same face 
of the moon. The earthly day will then be six weeks long: it 
will, however, be thousands of nullions of years before it happens. 
The sun’s tides will, however, then continue and the eardi will 
be further slowed. These tides will act on the moon and speed 
it up once mote. The moon’s period will therefore shorten: its 
orbit will become smaller. Fin^y it will approach the eairth so 
nearly that the earth’s pull on its surface will be stronger than its 
own. It will then break into fragments, which will partly fall as 
vast mountain ranges on the earth’s equator and partly form a ring 
like those surrounding Saturn. 

The moon is rightly a melancholy sight as well as a beautiful 
one. It is a sphere of death — a picture of the state of the planet 
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which air and water have left: it revolves, the skeleton of a 
world. 


MARS 

Mars has been the subject of a vast amount of conjecture. 
There is something to see on it: there are changes and they are 
indistinct enough to have given rise to most elaborate theories. 
The Man from Mars is established in the public mind as a 
possibility. Really, however, all that is kmnvn about conditions 
on Mars can be put in quite a few words. First of all. Mars is, 
after Venus, our nearest planet: it approaches at the nearest to 
within 35 million miles of the earth. It is decidedly smaller than 
the earth, being about half the earth’s diameter and about a ninth 
of its weight. Its gravitational pull is only about a third of that on 
the earth. If the “Martian” of so many tales came to earth he 
would be much embarrassed by his pwn weight, which would be 
three times as much -as on his nadve planet. It seems that the 
gravitational pull is enough to hold an atmosphere. It seems 
pretty clear that its atmosphere is rather rarefied, but it certainly 
contains water and oxygen and no doubt, plants and animals 
could be evolved capable of living in a very rarefied atmosphere. 
It rotates in just about a day, but its temperature varies very much 
because there is litde air to blanket it. The average day tempera- 
ture in the warmest regions is probably near that of an English 
winter (50° F.), while at night, temperatures as low as - iiz® F., 
like Siberia in winter, may be reached. 

No earthly creatures except mosses and lichens would with- 
stand this, but it is very possible that if the earth had had this 
temperature for, millions of years, forms of life would have 
evolved capable of resisting it. 

Plate XXXVIII gives an idea of what Mars looks like through a 
telescope. Actually, however, it is a coloured object. The pole- 
caps show brilliantly white. These pole-caps shrink in the 
Martian summer and increase in its winter. The southern cap 
sometimes disappears altogether. These caps must almost 
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certdaly be ice or snow, the only other — and not at all probable — 
substance being solid carbon-dioxide. 

The rest of Mars shows bluish-grey or greenish patches and 
also brownish and orange areas. 

These last are very probably desert regions like our Sahara. 
The blue-grey regions are not seas, for if they were we should see 
the sun reflected in them. They may be regions coveted with 
vegetation, but there is no direct evidence of this. 

The canals on Mats have been the subject of much argument. 
Several observers, Schiaparelli, and Lowell in particular, have 
observed a network of lines crossing the surface of Mars. On 
the other hand, no one has ever been able to photograph these, 
and they ate generally thought to be an optical illusion. Lowell 
suggested they were artificial canals made by intelligent beings 
with the object of carrying water from the polar caps (which melt 
in summer) to irrigate the arid regions of Mars, as die Nile carries 
water from the snows of the. Mountains of the Moon to irrigate 
Egypt. This is a fascinating notion; but we are very uncertain 
whether the canals ate there at all, and even if they ate, they ate 
at the limit of visibility; so it seems unscientific to build up so 
much speculation on such slender foundation. Mars has at least 
the necessary conditions for a rather difficult life. 

The Martian night sky shows two moons. The larger is only 
5 ,800 miles from it and 40 miles in diameter. It would look much 
like our moon though less bright. It revolves round Mats in 
seven hours and a half. This is a shorter time than the planet 
itself takes to revolve on its axis, a case without parallel in the 
solar system. The second moon would be a very small object, 
only a fifteenth the size of the other. 


^ THE ASTEROIDS 

Not much is known of the asteroids. There are at least 1,200 
of them circulating in orbits between Mars and Jupiter. The 
largest, by name “Ceres,” is about joo nules in diameter, but 
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most of them are less than £fty miles in diameter with an area of 
about that of Hnglaadl They can have no atmosphere nor water, 
for their gravity is too feeble to retain any gas. 

Many of the asteroids have remarkably eccentric orbits. Eros 
approaches within 14,000,000 miles of the earth and Amor, a mass 
of rock, perhaps a couple of miles in diameter, comes within ten 
million miles. It is a credit to our telescopes that it can be seen, a 
feat equivalent to discovering a hal^enny eighty miles awayl 
Another asteroid (only known by a letter and number) comes 
inside the orbit of Venus! 

It is certainly odd that this group of little planets should He 
between Mars and Jupiter. Some think that there was once a 
planet there which burst Into a cloud of asteroids: but the orbits 
do not seem to be of the type that would be expected from sucli an 
origin. 


JUPITER 

Beyond the asteroids lies the huge planet Jupiter. It is about 
ten times the diameter of the earth and i,joo times its volume, 
but only about 317 times its weight. 

Jupiter must, therefore, be made of some very light material. 
Either it has a very large atmosphere and we see clouds much 
above its surface, or it must have a great amount of water or ice 
on it. Plate XXXVIII gives a picture of Jupiter. The belts sur- 
rounding it are probably dense clouds blown into belts by trade- 
winds. There are some obscure changes of colour, and one rather 
conspicuous object, the Red Spot — a large oval marking which 
lasted some forty years but has now disappeared. It may have 
been the dust and gases from an eruption below tlie clouds. 
The spectrum of Jupiter seems to indicate the existence of 
ammonia and methane — a very odd sort of atmosphere. The 
clouds which we see as the surface are very cold and apparently 
at about - i jo® C. The low density of Jupiter makes it probable 
that the clouds we see are the top of an enormously deep atmo- 
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sphete — perhaps thousands of miles thick. Under this may be 
great glaciers, for the sut&ce of the planet is probably very cold, 
for it receives very little heat from the sun. Certainly Jupiter 
must be utterly uiUike the earth. 

Jupiter has no less than nine moons: four ate large, the largest 
being very little smaller than Mats; five are 'very small objects 
indeed. The largest can be seen by a person with exceedingly 
keen sight. 


SATURN 

The planet Saturn is, like Jupiter, cloud-covered. It has 760 
times the bulk of the earth and 95 times the weight. It is, there- 
fore, very light and has only about § of the density of water. It 
must be mainly gaseous. It rotates in ten hours and a quarter. It 
would seem that what we see as Saturn must be largely cloud and 
atmosphere, and the probable conditions on the planet are much 
like those of J upiter. 

The really interesdng things about Saturn are the extraordinary 
rings which surround it. Three fiat rings, aU in the same plane 
and level with the equator, encircle the planet. They are very 
large: it would take five earths set end to end to reach across the 
belt. They ate also very thin, for when viewed edgeways they 
simply disappear and so cannot be more than 60-70 miles 
thick (Plate XXXVIII). 

One of the rings — ^the innennost — is called die Crepe ring. 
This is semi-transparent and all the tings are transparent enough 
for a star to be seen through them, thus showing that they cannot 
be solid. It has been proved that a solid ring of this kind would 
break to pieces, and it is believed that the rings ate a swarm of 
minute satellites! 

Their velocity has been determined by the Doppler method, 
and it has been shown that the edges travel slower than the 
middles, whereas, if they were solid, the edges would travel 
faster. The accepted theory of die birth of these rings is that a 
satellite approached so near to Saturn that the attraction of the 
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pkoet tore the satellite into the pieces whidi now form the rings. 
Saturn has nine moons, one krger than the Moon, the rest a 
good deal smaller. 


ORANUS, NEPTUNE AND PLUTO 

The planets Uranus and Neptune are so distant that very 
little is to be discovered about conditions on their surfaces. 

Uranus is just visible to the naked eye. It is, like Jupiter and 
Saturn, large (31,000 miles in diameter) and very light, with a 
density of about the same as Jupiter. It rotates quickly in about 
I of hours. From its brightness and its kint marldngs it must be 
heavily clouded. It seems to be intensely cold — ^at a temperature 
near that of liquid air in fact. The intensity of the sunlight that 
falls on it is only about a four-hundredth of that which falls on the 
earth and the sun would appear only a twentieth of the size it does 
on earth. Uranus has four smallish moons. 

Neptune is so distant that nothing can be observed on its 
surface. It is a large planet (33,000 miles in diameter), of low 
density and probably clouded and intensely cold. It has a single 
moon. Neptune is on the average 2,800,000,000 miles from the 
earth: the last planet known, Pluto, is at the vast distance of 
3,600,000,000 miles. It was only discovered in 1950. Its discovery 
came about in the same way as that of the planet Neptune, 
eighty-four years before. The motion of Uranus could not be 
explained by the combined attractions of the sun and known 
planets, and consequently its calculated positions failed to 
correspond with the position in which it was actually observed. 
An unknown planet was, therefore, suspected to be perturbing 
the orbit of Uranus. After laborious calculations Adams, at 
Cambridge, determined the position which the supposed planet 
should occupy, and a little later Leverrier in France did the same. 
Levetrier sent his results to Dr. Galle of Berlin and within a few 
hours the latter found the planet within about 52' of its expected 
position. 
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However, Neptune’s attraction did not entirely account for 
Uranus’ behaviour, and Lowell in 191 5 calculated that there must 
be another planet beyond Neptune. The irregularities in Uranus’ 
behaviour were very small indeed; tlie calculations were therefore 
not capable of great acciuracy and the planet was not found as 
easily as was Neptune. But fifteen years later Tombaugh, at 
Flagstaff Observatory, who had photographed a portion of the 
sky at three days’ interval, found a “star” that had moved and 
showed that this was the missing planet Pluto. It is probably a 
good deal smaller than the earth, and is far beyond the reach of 
the naked eye. 


COMETS AND METEORS 

Besides the planets, our solar system is inhabited by comets 
and by meteors. A large comet is a most conspicuous object. 
The photograph (Plate XXXIX) gives a good notion of ^eit 
appearance. 

They show a luminous cloud with a brighter centre or nucleus 
from which streams away a less bright tail. 

Comets visible to the naked eye occur more often than would 
be thought. On the average, there is one a year. Most of these 
require looking for, but occasionally they are very conspicuous 
objects, even being visible in full daylight. 

They have always been considered as alarming phenomena, 
prognosticating disasters, deaths, wars, pestilences and famines. 
Some comets certainly revolve round the sun in an elliptical 
orbit. Halley’s comet rettxrns every seventy-five years: it was here 
in 1910 and will be back in 1985, and many other comets which 
return in this way are known. 

It is quite probable that all comets are members of the solar 
system and return after a long enough interval. 

A comet behaves in a most odd manner. It is invisible when 
distant from the sun. As it approaches, it appears first as a faint 
luminous cloud: as it gets nearer, it develops the usual apparatus 
of a head with a bright nucleus and a tail. As it passes round the 
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sun the tail generally points away from the 
sun, so that a comet receding from the sun 
travels tail first! The tail cannot then be a 
sort of streamer hanging out behind but 
must be something repelled from the head of 
the comet by the sun. 

A comet may be enormous or may be ex- 
tremely small. Its head may be much larger 
than a planet, and the tail may be from a 
million or so to a hundred million miles 
long. Though so vast, they are very empty. 
Stars can be seen shining through the 
densest part of a comet, its head, almost as 
brightly as if nothing were there. They are 
very light: their mass is not enough to 
perturb the orbit of a satellite, let alone a 
planet. The head of a comet seems to con- 
sist of a cloud of small meteors quite a long 
way from each other and a certain amount of 
gas, carbon monoxide and cyanogen chiefly. 
These gases are poisonous, but since the 
density of gas in a comet is not much more 
than in an exhausted electric light bulb, it is 
unlikely that if a comet collided with the 
earth wc should even notice itl 



Fig. 428. — Illustrating 
the way in which 
the tail of a comet 
keeps turned from 
the sun. Note that 
the tail is longest at 
the comet’s nearest 
approach. (Courtesy 
01 the Oxford Uni- 
versity Press and 
Professor Chambers, 
from the latter’s 
Story of the Comets). 


The glow of the comet is partly reflected from the sun, but the 
greater part seems to be a glow like that which we see in a neon- 
sign. The torrents of electrons from the sun probably ionise the 


low-pressure gas in the head and make it glow. 

The tail of a comet is a very odd affair. It seems to be a very 
tenuous cloud of dust particles repelled by the actual pressure of 
the light from the sun, and it can be shown that a small enough 
particle will be repelled by the light more strongly than it is 
gravitationally attracted to the sun. Comets, we may say, are 
more showy than important. They may bethemostbrilliant objects 
in the sky and yet have less matter in them than a small asteroidl 
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Meteors or shooting stats are very common objects. Several 
million enter the earth’s atmosphere every day. They are pro- 
bably wandering stones from space wMch meet the earth’s 
atmosphere. They very conunonly travel at 50 miles or so per 
second, and naturally quickly heat up by friction, catch alight 
and bum when 80 miles or so above the earth. The great majority 
have burnt away to nothing by the time they have come within 50 
miles of the earth. A few reach the ground and csin be examined. 
It is then found that, as explained on page 736, they are commonly 
made of iron-nickel alloy, but sometimes of a sort of igneous rock 
or a mixture of this and iron. Most meteors must come from 
outer space, for they are moving so fast that the sun’s attraction 
would not be enough to keep them in the solar system; but there 
are some vast clouds of meteors which move in a loose body or 
swarm round the sun. Thus, the earth’s orbit crosses the tracks of 
meteor swarms on April 20-21, and August lo-ii every year. 
There is then a shower of meteors which varies a g(X)d deal in 
intensity. All the meteors seem to radiate from the same point in 
the sky, which is the point from which the swarm is approaching. 
These meteor swarms are believed to be the remains of disrupted 
comets. In one case at least a comet has disappeared and a 
meteor swarm occupies its old track. 


THE CREATION OF THE PLANETS 

The solar system is obviously a whole, not a fortuitous col- 
lection of objects. It is vast enough ^a fast rifle bullet would take 
sixty years or so to get from the sun to Pluto) but it is positively a 
cosy-comer compared with the spaces surrounding’ it. If you 
think of the solar system as a 14 ft. bell-tent pitched in a desolate 
plain, the nearest star is another tent twenty miles away. 

It is believed, for a number of good reasons, that the whole 
solar system originated from the sun. First of all, by no means all 
the uranium in the earth has yet turned into lead and helium. The 
crust of the earth can har^y be 2,000,000,000 years old. The 
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earth must have been cooling feirly rapidly before the crust 
formed (for the hotter a thing is the quicker is its rate of cooling), 
so evidently the earth must have been molten at a time vrhen, it 
would seem, the sun was not very different from what it is now. 
The reasonable conclusion is that the earth is much younger than 
the sun. If the earth did not come from the sun, it must have 
come from outer space: it seems quite incredible that the sun 
picked up ten bodies like the earth in such a way that their orbits 
all were widiin a few degrees of being in a plane. 

Unless one accepts the idea of a Creation of the solar system as 
we see it to-day, it is reasonable to look for its source in the sun. 
The sun is a star. We may search the heavens and we find nothing 
at all like the solar system. True, the planets of a star might well 
be invisible, but we have no warrant for supposing from our 
observations that any other stars have planets. So, it is reasonable 
to suppose that planet-formation is not a normal incident in a 
star’s life. The first probable theory of how the earth was formed 
was that the sun started as a vast rotating cloud of glowing gas. 
As it cooled, it contracted, converting its potential energy into 
kinetic energy, and therefore rotating ever faster. A time came 
when die rotation was so speedy that the centrifugal force, on the 
outside of the sun, exceeded gravity, and part of the outside was 
flung off as planets. Tliis theory is useless, however, because the 
sun can be proved never to have rotated fast enough to split up in 
this way.^ Moreover, if the sun were to throw off planets in this 
way, it would first have to assume a flattened shape like a lens and 
if it had once had this shape there seems to be no reason why it 
should not have it still. 

No one has been able to suggest a way in which the sun could, 
ly itself^ cast off the planets; so, naturally, we must look at the 
possibilides of some other body intervening. Sir James Jeans has 
over the last twenty years built up an explanadon of how the solar 
system could be formed by a star passing close to the sun and 

^ Because a body which is totatine can only slow itself down by setting something 
else rotating: the rotation of all the bodies in the solar system if concentrated in the 
sun would not speed it up enough to make it burst. 
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laising tides in it so huge, that a mass of matter could be drawn 
from it which would break up intO(§lanets. 

The neat approach of two independent stars must be very rare. 
A reasonable diameter for a star is a million miles: the sun and the 
nearest star are twenty-five million million miles apart. Con- 
sequently they stand in the same relation to each other as two 
fair-sized snails, 'one in Vienna, the other in Cologne (about 410 



miles away). Suppose these snails crawl 
off in any direction they choose. What 
chance have they of meeting? Well, if 
the experiment is done enough times, the 
snails will one day happen to take the fight 
direction to meet. Jeans calculates that if 
there ate 100,000,000 stats in the “galactic 
system” to which the sun belongs, one 
would expect a pair of stars to come near 
enough to form planets about every five 
thousand million years. Consequently 
there is no reason to think any “solar 
systems” have been formed since ours. 

Jeans pictures a star approaching the 
rotating sxm rather slowly. The gaseous 
sun would first be flattened and a huge 
tide raised on it: this would finally eject 
a long cigar-shaped “filament” of gas. 
This would be narrow’ at first when the 
star was still fairly distant, would be 
thickest when the star was at the closest 
and thinner again w’hen the star was 
receding. The filament would cool and 
liquefy, and would then be unstable and 
break up into separate portions. The 
small bodies would soon solidify, but the 
large ones, Jupiter and Saturn, would 
not, and tides raised on the larger bodies 
by the smds attraction would again cause 
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fUfltneats of matter which would solidify ioto satellites to be 
drawn out. 

This theory explains quite a number of odd facts about die 
solar system. 

First, it explains that the orbits of the planets are all in a 
plane: secondly, that all the planets and their satellites (with three 
exceptions, all small satellites) rotate and revolve in the sam 
direction. It explains the biggest planets having the middle 
positions and also having the most satellites. It explains the 
fact that planets are so much smaller dian the sun, and the 
satellites so much smaller than the planets. The chirf difficulties 
are the smallness of Mars and Uranus, which should, on this 
theory, be larger than the Earth and Neptune respectively, but 
are not. But if the Earth and Neptune broke off from the filmnent 
as liquid, and the planets from Mars to Uranus as gas, the gaseous 
planets may have lost a great deal of their outer layers before they 
liquefied. It should not be thought that a theory like this is 
undisputed. No one has foxmd a better explanation of how the 
solar system could have come into being, and there is no argu- 
ment by which it can be shown to be unreasonably improbable. 

A sun acquires a system of planets, then, as tlie result of an 
almost incredible bit of luck. Any named star can be expected 
to be sxifficiently nearly approached by another to cause planets 
to be formed once in every 5 x 10^’ years. It seems that the 
life of a star is only 5 X 10^® years: so one star in 100,000 might 
have planets round it. These calculations are only the roughest 
estimates, but they make it clear that a star with planets is a 
freak. Only a small proportion of planets have air, water and 
a temperature at which complicated molecules can both exist 
and execute the elaborate changes characteristic of living matter. 
We may expect, then, very few homes of life in the Universe 
besides our own. 

The sun, then, was a star long before there was an earth. 
Let us try in our next cliapter to trace the history of a star from 
its beginning to its end — if stars have either beginnings or 
ends. 
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Hete you may well say — ^why should not the Univetse have 
always been as it is now? The reason is simple. The stars are 
pouring out light and heat rays. This store of energy must 
come from their heat or their matter (p 210). If this emission 
has been going on for ever, the stars must have once been 
infinitely hot or infinitely large; unless, perhaps, the light is 
somehow transformed back into stars. If this emission of light 
and heat has not been going on for ever, there must have been a 
beginning. It is then impossible that the Universe can have 
been the same in the distant past. The astronomers have done 
something to lift the curtain which conceals the origin of the 
universe, but they have not solved the problem which may 
be crudely stated thus. “Hot things are cooling — ^why, if infinite 
time lies behind us, have they not all cooled to a dead level?” 



CHAPTER XXXVl 


Stars and the Universe 

OUR KNOWLEDGE OF STARS 

W HEN we look out into the clear night sky we see, in 
addition to the inhabitants of the solar system, only stars 
and cloudy diffuse matter — nebulae. The naked eye, on a clear 
night, can distinguish about 3,000 stars. The ancients divided the 
sky into constellations which are quite arbitrary arrangements. 
Thus the stars in Orion are actually in parts of the Universe very 
distant from one another, but happen, as seen from the earth, to 
form a pattern. The brightest stars have names, the fainter stars 
are catalogued and known by numbers. The faintest stars remain 
unnamed and uncatalogued. 

The constellations, then, do not ff?ean anything. The interesting 
things about the stars are the different kinds, their distances and 
the way they are really grouped in space. It is a very familiar fact, 
that when you move, the nearer objects of the landscape seem to 
shift their position relatively to the further ones. A tree which 
from one point seems opposite a distant church tower, is no 
longer opposite it when you have walked a few yards on. The 
further an object is from the observer, the less it seems to shift as 
he moves. This shift is used 
for the measurement of the 
distances of stars. 

It is reasonable to expect 
that some stars are near and 
some are distant; and so, as 
the earth rotates round the 
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sun the near stars should appear to shift relatively to the 
distant ones. Suppose (Fig. 430) we make observations from 
the earth when at opposite sides of its orbit, i.e., at intervals 
of six months. Suppose S is a star of which we want to 
know the distance and F is a faint star^ so far off that it 
does not seem to shift at all, relative to other very faint 
(and probably therefore very distant stars). Suppose we measure 
the angle between S and F. Then, it is easy to see that from these 
angles S F and S Ej F and from the diameter of the earth’s 
orbit we could make a scale diagram and measure S E^, or SEg, the 
distance of the star. Actually, a scale drawing would not be 
made, for it would have to be impossibly large, but trigono- 
metry would be used to calculate the lengths. This method has 
a serious disadvantage in that it can only be used to measure the 
distance of something {e.g., S) which has something vastly more 
distant {e.g., F) behind it. So it will not avail for the distant stars. 
The angles SEj F and SEj F are actually measured. From these we 
can get the angle E^ SEj wluch is the angle at the vertex of the 
triangle formed by the star and the diameter of the earth’s 
orbit. This angle is called the “parallax” of the star. Actually, 
the stats are so distant that this parallax is at most :l of a second of 
arc. Well, a second is siioo ^ degree. If you were to put a 
halfpenny three miles and a quartet away it would be invisible: 
the angle from one edge of that halfpenny to your eye and back 
to the other edge is a second of arc. The astronomer measures 
tills fairly easily, fie can detect a parallax of a hundredth of a 
second of arc, though he cannot measure it with any accuracy. 
This angle is the angle made by the opposite sides of a human 
hair over a mile and a half awayl The usual method employed is 
to photograph the sky and measure the relative shift 6f the star 
images. 

A star which shows a parallax of one second of arc would be 
distant from us by 200,000 times the distance of the sun from the 
earth. Miles are absurd units for these distances. There ate two 


ip la pot in two positions because the diagram is so small. Actually F is so far 
away that the angles E, F and E, E| F ate both the same. 
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chief units in use for star-measurements, the porsee and the li^t- 
year. A parsec is the distance at which a star shows a parallax of a 
second of arc. A light-year is the distance which light (in a 
vacuum) travels in a year, at the rate of 186,000 miles a 
second. 

Here is our astronomical table of units: 

Astronomical unit= 92,870,000 miles =149,450,000 kilometres. 
(Earth’s distance from Sun) 

One light-year = o. 5069 parsec = 5,880,000,000,000 miles 

= 9,461,000,000,000 kilometres. 

One parsec — 3.26 light-years = 206,265 ast. units 

= 19,150,000,000,000 miles = 30,830,000,000,000 

kilometres 

If the earth’s orbit were scaled down to the size of a half- 
penny, a parsec would reduce to one mile, eleven hundred yards 
nearly. On this scale tlie earth itself could just be seen by the aid 
of a good microscope. 

The parsec or the light-year tlien is our yardstick for measuring 
star distances. The neatest star — ^too faint to be seen by the eye— 
is about one parsec and a third away. The nearest well-known 
star is Sirius, the famous Dog-Star, which is Zg parsecs or 8.6 
light-years away. 

The parallactic way of measuring the distances of stars is really 
only satisfactory within some ten or twenty light-years of the sun. 
Within five parsecs (16.3 light-years) of the sun there ate only 26 
stars. As a reasoiuble deduction of the number of stars suggests 
that there may be about thirty thousand million, it is clear that, 
though the parallactic measurements survey a part of the universe 
in which the earth is as a speck of dust in a great city, they leave 
untouched the rest of the visible universe which is vastly 
greater. 

There are two other ways of assessing distances in the universe. 
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and both depend on the fact that stars of the same type have 
about die same brightness. The first method is based on the fact 
that if the spectra of the two stars are precisely the same the two 
stars must be precisely alike, not only in material and temperature 
but in size and luminosity. Thus, suppose we find a star which 
gives exactly the same spectrum as Sirius but from which the 
earth receives only one millionth of the light it receives from 
Sirius. The star must really be emitdng the same quantity of 
light as Sirius. The amount of light we receive varies as the 
square of the distance, so the star must be \/i,ooo,ooo, i.e., i,ooo 
times as distant as Sirius. Sirius is 8.6 light-years away, so this 
star must be 8,600 light-years off. The method can be used for 
any star distinct enough to have its spectra measured. Of course, 
a suitable near star with the right spectrum cannot always be 
found. However, ways have been found of comparing stars 
with very slighdy different spectra. The disadvantage of the 
method is that only moderately bright stars give distinct 
spectra. 

The finest weapon for attacking the problem of the distance of 
far-off stars is the Cepheid Variable star. These stars give a light 
which fluctuates in a perfectiy regular way. Thus, a certain 
Cepheid may brighten to a maximum every 12 hours with perfect 
regularity. Now, there are Cepheids of all sorts of periods from 
hours to weeks, and the brightness of a Cepheid depends on its 
period. The slower it pulses the brighter it is. This has been 
proved by observing a set of Cepheids which are in the same 
star cluster and therefore at nearly the same distance from us. 
Now the distances of a few Cepheids have been measured by the 
parallactic method, so we know just how bright, say a five-day 
Cepheid should appear at, say, twelve light-years distance. Now 
suppose we see a distant star cluster and spot a five-day Cepheid 
in it. If it appears to have only a hundred-millionth of the 
brightness of the one twelve Ught-ycars away, it must be 
\/ 100,000,000, i.e., 10,000 times as distant and be 120,000 light- 
years away. The distances of very many of the stars can be 
measured in one of the three ways I have described. As we can 
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measure the angles they make with each other and with the 
earth, we can tell how they lie in space and, in fact, map out the 
Universe. 

One more thing at least is necessary to get a real picture of 
the stars and that is to know how they move. Of course, the 
stars appear to move across the sky in a regular way and to shift 
through “parallax,” but these are only the effects of our own 
motion — the rotation and revolution of the earth. The real 
motions of the stars relative to the whole solar system are called 
their proper motions. Stars may move through an angle of ten 
seconds of arc or less in a year, but the vast majority move less 
than a second of arc a year. Now, when a star moves across the 
sky, you only sec its sideu>ajs motion: for if it was coming directly 
towards us, it would not appear to move at all. But our old 
friend the Doppler principle comes in to help us‘(p. 762). The 
lines of the spectrum are shifted towards the blue when a star 
travels towards us, and towards the red when it recedes. So 
we can measure the sideways motion by seeing how far the star 
moves across the sky, and the head-on motion by examining the 
spectra; by combining botli we can see how fast a star is travelling 
(relative to the Sun) and in what direction. 


THE PLAN OF THE UNIVERSE 

Using these observations of distance and speed we can form a 
stupendous and terrible picture of the Universe. 

The Sun and its litde flock of planets lie in a cloud of stars a 
couple of parsecs or so apart. One may think of these stars as 
being as isolated as peas a hundred and fifty miles apart. If you 
look at the sky on a clear dark night you see a band of light, the 
“Mlky Way” (Plate XXXIX), entirely composed of faint stars. If 
you could see underfoot as well as overhead it would seem to form 
a great circle. The conclusion has been reached that we are in the 
midst of a lens-shaped crowd of stars, of which our sun is one. 
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situated neat the middle. Naturally we see fewet stats if we look 
towards the middle of the vast lens than if we look towards the 
edges, which we see as the Milky Way. This gigantic collection of 
stars isprobablyabout75,oooparsecsindiameter. Within this mass 
are many minor but still enormous clusters of stars and also a 
number of nebulae, hazy masses of gas. The stars appear on the 
whole to be streaming round the centre of the galaxy. The 
whole mass of the galaxy, 75,000 parsecs in diameter, is rotating 
on itself once in every 250,000,000 years. Even this slow rotation 
means a very great speed for the outer stars, as much as 1 50 miles 
per second. 

The edges then of the galaxy are some 50 or 40 thousand 
parsecs from us: the top and bottom of it are far nearer, probably 
about six or eight thousand parsecs. 

There are a number of nebuke in the sky, of which the great 
nebula of Andromeda is an example, which under great magni- 
fication are seen not to be hazy clouds but to consist of myriads 
of stars. The distance of these clouds of stars can be measured, 
for they contain Cepheid variables. The Andromeda nebula is no 
less than 270,000 parsecs, nearly a million light-years away. It is a 
gigantic object. It occupies nearly three degrees of the sky, and is, 
therefore, about 15,000 parsecs in diameter. Its enormous size 
makes it cleat that it is a galaxy like our own, though smaller. 
The Andromeda nebula is then a vast island universe cut off by a 
huge tract of space from ours. It is by no means the only one of 
this kind. Hundreds are known with distances up to forty 
million parsecs. The light-waves from diese which we focus into 
an image in our telescopes started on their journey to us before 
there was a man, before there was even a monkey: in fact, when 
the giant reptiles were wallowing in the earth’s swamps, that light 
set out for the earth, travelling at speh a pace that it would encircle 
the earth in a seventh of a second. There ate probably two million 
or so of these island universes scattered about. Sir James Jeans 
makes a vivid comparison. 

“We can construct an imaginary model of the system of the 
great nebuke by taking about 50 tons of biscuits and spreading 
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them so as to fill a sphere of a mile radius, thus spacmg them about 
Z5 yards apart. The sphere represents the range of vision of the 
1 00-inch telescope: each biscuit represents a great nebula of some 
4,000 parsecs diameter.” 

Our galaxy and some others would have to be represented 
by a large sponge-sandwich instead of a biscuit. Now turn back 
to pp. 27-3 2 and try to picture how small an electron is. Our earth 
in this model would be about the size of an electron. \!(nbat size 
would you be? Do you feel now that the stars .were created to 
afford you illumination? Man and his works are of utterly 
insignificant size. If he has any merit in this universe, it is 
because he, an insignificant speck, can make in his brain an image 
of the totality of things. 

Is the boundary of the Universe within out vision? There is no 
reason why a loo-inch telescope should show all that can be 
seen, and at first sight the giant nebukc, galaxies of stars, might be 
thought to extend infinitely in every direction. We cannot at 
present tell, though it is at least thought to be unlikely. 

A most remarkable result is reached when we examine the 
<!pcctra of these different galaxies. The spectral lines of all arc 
slufted toward the red and consequently each (except the one 
in Andromeda) is retreating rapidly, and the farther off they are 
the more rapidly they are moving. The distant ones are racing 
away at a speed of nearly 23,000 miles a second. The Universe 
appears to be expanding. If we trace this motion back, it seems 
that the whole universe must have been concentrated at a centre 
no more than 150,000 million years ago; a figure which is diffi- 
cult to reconcile with the usual estimates of the age of the stars! 
Perhaps the Universe pulsates, alternately contracting and 
expanding. The theory of relativity seems to indicate that the 
universe must either pulsate like this, or must expand for ever, or 
must contract first from a great size to a minimum value and then 
expand. We htow that tlie light from these nebulae is of the type 
wMch would come from rapidly receding objects and so far as we 
know from no others: the explanations are by no means so certain. 

The picture of vast, widely scattered galaxies of stats rushing 
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away from each other, gives a notion of the universe as it is now. 
The picture in Time — ^birth, rise and decline of stars and systems 
— ^is at least as interesting as the picture in Space. 

If you had to study the development of Man from cradle to 
grave and your own life was only that of a butterfly, you could 
not follow any single man from birth to old age. Instead, you 
would look at the crowds and see man at every stage in his life. 
Our first task, then, in tracing the history of the stars is to look at 
all the different t3rpes of star, expecting to see among them the 
young, the middle-aged and the senile. 

The only objects (other than the island universes visible as 
great nebulae) which we can see in the sky are luminous stars 
which appear as bright points, and nebulae which appear as more 
or less hazy clouds which may be either light or dark. It is almost 
certain that there arc many dark stars, which perhaps much out- 
number the bright ones. 

Now the only thing we perceive from a star is its light. By 
splitdng up this light with a spectroscope we get a scries of lines, 
each of a single wavelength. Each of these lines ^p. 436, 464) re- 
presents an electron in an atom moving from some position in the 
atom to some other. From these lines we can tell not only what 
kind of atoms make up the surface of a star but also under what 
sort of conditions they are vibrating. Thus, carbon vapour at 
5,000° C. gives a rather different spectrum from carbon vapour at 
6,000° C. The spectra of a quarter of a million stars have been 
classified and all of them fit into a series. Tliis, of course, suggests 
tha t stars have a common origin. Thus, you can put all mixtures 
of milk and water into a place in a series starting with milk and 
ending with water, but you could not find a place for a glass of 
beer in the milk and water series. The stars then gfade steadily 
from the O type to the S type, and every new star that is examined 
can be fitted in. llie table gives an idea of what these types are 
like. The spectra of the O, B, A, F, G, K and M types ate shown 
in Plate XL. 



PI.ATE XXXVII 



A part of the moon's surface. Note craters, in some eases with 
central cone, (by courtesy of The Mount \\ ilson Observatory, 
California.) 






PIATR XXXVI II 



Mars. Note polar cap The planet Jupiter. (Hy 

— probably snow. (By courtesy of The Lowell 

courtesy of The Yerkes Observatory, Arizona.) 
Observatory, Wisconsin.) 



The planet Saturn. (By courtesy of 
J. H. Reynolds, Ksq., Birmingham.) 
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Typo 

Colour 

Chief Spectral lines 

0 

Blue 

Faint continuous background, lines of 
hydrogen, ionised helium, ionised 
oxygen and nitrogen. 

B 

Blue-white 

Continuous background with dark^ 
lines of hydrogen, helium, ionised 
oxygen and nitrogen. 

A 

White 

Hydrogen lines, calcium and 

magnesium. 

F 

YeUowish White 

Less hydrogen, more lines of metals. 

G 

Yellow 

Hydrogen and many metallic lines. 

K 

Orange 

Low temperature metal lines; bands due 
to titanium oxide and compounds of 
hydrogen and carbon. 

M 1 
w 


a\bsorption bands or lines largely due to 

Xv 

N 

S - 

Red 

gases such as cyanogen and carbon 
monoxide. 


I I 


New stars (or ‘‘novx”) in a gaseous nebulae have a difl'erent 
kind of spectrum — discussed on p. 806. 

The natural belief is that stars progress through the stages 
represented above. We might take it as reasonable that young 
stars are very hot, and contain simple atoms like those of hydrogen, 
helium, oxygen and nitrogen, and that, as they cool, ihe large 
metal atoms ate gradually formed; then, at the lowest tem- 
peratures the vapour of the metals condenses and only gases like 
carbon monoxide and cyanogen give a spectrum. 

The colour of a star is a guide to its temperature. Just as a 
piece of iron as it cools passes through white heat, yellow heat and 
red heat, so docs a star. But it must not be taken that a yellow- 

1 Blight spectral lines come ftom glowing gas: dark spectral lines ficom a light 
shining through glowing gas. 

a6 
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hot star is at the same temperature as yellow-hot iron. Stars are 
made of gases which are very bad radiators of heat and light. A 
gas must be made far hotter than a solid in order that it shall 
glow. The surface temperature of the surfaces of various types of 
star are roughly: 


Type 

Temperature 

B 

23,000 — 15,000® C. 

A 

11,000 — 8,500° C. 

F 

7,500 — 6,500° C. 

G 

6,500 — 5,500° C. 

K 

5,000 — 4,500° C. 

M 

3,500° C. downward. 


Some recent determinations would make the temperatures 
lugher. As stars may reasonably be supposed to be getting cooler, 
this is another reason to suppose that they travel down the scale 
as they age. 

We have seen already that we can find the brightness of a star 
and its distance. A good deal of information has been gained by 
studying the real brightnesses of the stars, not only their apparent 
brightness. 

The sun is 92,800,000 miles from us. We know how much 
light from it falls on each square foot of the earth. We can thus 
calculate that the total light emitted by the sun is 3 X lo” 
candles. Now Sirius is 500,000 times further away than the sun, 

so if it were as bright as the sun it should appear only ^ — - 

that is — as bright. Actually, it appears twenty-six times as 

bright as this, and must be giving twenty-six times as much light as 
the sun. We can say that the real brightness of Sirius is twenty-six 
times that of the sun. This real brightness is commonly expressed 
as the absolute maffutude of the star which is the magnitude it would 
appear to have if it were 10 parsecs away. 

This figure, the absolute magnitude tells us how bright a star 
really is. Tf we make a graph, showing the brightness of the stars 



Absolute Magnitude. 
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Fig. 431. — How the brightness of a star varies with its spectral type. (Courtesy of 
Messrs. Edward Arnold & Co., and Professor Spencer Jones, from the latter’s 
Getmal Astronomy edition.) 


along one line and the type (B, A, F, G, etc.) along the other, we 
can see that die brightness depends on the spectral type in a 
peculiar way. The general trend is that the brightness off as 
we pass from B stats to M stars. This is reasonable, for if the 
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stats were about the same average size, we should expect the 
dullest ones to be the coolest. But there are also two very large 
groups, yellow-orange stars of brightness about loo times those 
of the main group, and red stars of hugely greater luminosity than 
the main group. These stars must be at the same temperature as 
their brethren of the same type, so they must be enormously larger. 

So as a first classification we have giant stars and dwaif stars. 
To these we have to add a very few super-giant stats — Canopus, 
Rigel, Antares — ^which, though a hundred or more parsecs 
away, are yet among the briUiant objects in the sky. Finally, there 
are a few “white-dwarf” stats. These are very feebly luminous, 
yet have spectra that show they have enormous temperatures. 
Few are known and they give so feeble a light that only near 
ones can be detected. Actually, there may be many of them. 
They are only of the size of planets and yet — ^we shall see — ^they 
have the weight of sunsl 

Naturally, this belief in the existence of giant and dwarf 
stars needed to be confirmed by an actual measurement if one was 
possible, and in the last few years an ingenious instrument, the 
interferometer, has been made which will measure the diameters 
of a few of the larger and nearer stars, even though the best 
telescope cannot show the largest star as a disc like a planet. 
The results confirm fairly well the deductions from their bright- 
ness. The radii of the giant stars are up to 400 or so times that of 
the sun. Betelgeuse has a diameter 300 times that of the sun. 
Antares, a super-giant, is 428 times the diameter of the sun. It 
would fill the whole orbit of Mars and morel 

The white dwarfs at the other end of the scale ate too small to be 
measured by the interferometer. The small luminosity and very 
high temperature, though, proves diat they are from a twelfth 
to a hundredth of the size of the sun. Almost the most extra- 
ordinary discovery of modern times was that these stats have the 
most gigantic densities. The brilliant star Sirius, and a white 
dwarf-star Sirius B form a double star, a sort of planetary system 
of two stars rotating round each other. Now, we have a pretty 
fair notion of the mass of Sirius from its brightness, spectrum and 
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distance, so ytt can calculate the mass of its con:q>anion from its 
orbit and time of rotation. It weighs almost tbe same as die sun 
but has only about a thirdeth of tbe radius. Now, if it has -^xs 
of the radius, it has ^ X ■aV “ aTJan bulk. 

So a cubic foot of Sirius B must weigh 27,000 times as much as a 
cubic foot of the Sun. The Sun is a^ut 1.4 times as heavy as an 
equal bulk of water, so Sirius B must have a density of about 
} 9,000! 

The densest thing on earth is platinum, with, a density of 24. 
Suppose you could get a bit of Sirius B, the size of a brick. It 
would weigh sixty-eight tons: a bit the size of a decent lump of 
sugar would weigh as much as a heavy man. Now, there is only 
one thing we know that is as dense as this — the nucleus of an 
atom. The nucleus of a radium atom is about io~^^ cm. in 
diameter and (supposing it spherical) about io~** cm. in volume,^ 
it weighs 4 X io~^ gms., and so its density must be about 
4 X 10^^, vastly greater than that of the densest dwarf star. The 
conclusion we are driven to is that white-dwarfs are largely made 
of atoms from which the outer electrons have been tom, leaving 
a tightly jammed mass of nuclei with few or no electrons attached 
to them. This could hardly be believed without further con- 
firmation, which has, however, been found. If the white-dwarf 
has this small size and huge weight the gravitational force at its 
surface will be gigantic. According to the theory of relativity 
spectral lines must shift towards the red in an intense gravita- 
tional field. This is found to be true for the light from Sirius B. 
The cause cannot be the Doppler effect caused by the star retreat- 
ing from us, because Sirius, its constant companion, does not show 
the shift! 

We want then some e:q)lanation of the existence of giants, 
dwarfs and white-dwarfs among the stars. If the explanation can 
also show how the flaring up of a faint star into a bright star or 
“nova” can occur and can also throw some light on the gaseous 
nebuke, it vrill be worth hearing. 

^ It is obviously not conect to calculate volumes and densities as if the nudcus 
woe a billiard ball: none the less, it is certain that the nucleus b enonnously dense. 
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NOViS 

Every now and again a small faint star increases in brightness 
by ten thousand- or a million-fold. The whole process may be 
over in a couple of days, though it may take two or three weeks. 
The brilliance then faUs off again in the course of a few months, 
though not to its previous degree of fiuntness. The most brilliant 
nova on record blazed up till it was brighter than Venus. This 
happened 350 years ago, and the star is now so hunt that it cannot 
be distinguished from other faint stars in the neighbourhood. 

What is this extraordinary phenomenon? At one time it 
was thought that a nova was ^e result of a collision of two 
stars, or perhaps of a dark star becoming ignited, like a meteor 
in air, when it rushed into a dark nebula. But these theories 
are unlikely. First, novx are much commoner than collisions 
are at all likely to be: secondly, they do not seem to occur only or 
especially in regions where dark nebulous matter is known. 
The spectrum of a nova shows by no means the changes one 
would expect if cooler stars were heating up as a result of the 
collision. In a recent nova (Nova Pictoris 1925) the spectrum 
altered very little in type. The only cause then for the brightening 
was a vast expansion. If a star is expanding its sur&ce will be 
approaching the earth and the spectral lines will shift slightly 
towards the blue. This actually happens, and it is clear that a star, 
when it becomes a nova, practic^y explodes. Nova Pictoris 
swelled at the rate of 12,000,000 miles a day, till it became as huge 
as the super-giant Antares. After this expansion it seems ftiat a 
thin layer of gas shoots on outward like a sort of surrounding 
shell, while the star itself gradually shrinks. 

It is a disturbing thought that these outbursts of novx are 
common enough to happen to each star once in 10,000 million 
years and, according to one theory, it is quite likely to happen 
to the sun, resulting of course in the utter annihilation of the 
earth, which would probably melt like a piece of sealing-wax in a 
blast furnace. Still, as far as the astronomer knows, it is by no 
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means certain to happen, and in any event no mote likely to happen 
in our lives than at any other time in the next hundred million 
years or so: so the chance of being burnt up by a nova is less 
than that of being killed by a lightning flash, which is not worth 
bothering about. 


NEBULi£ 

The gaseous nebulx are of three kinds, dark nebuke, diffuse 
nebulae and what are misleadingly called planetary nebulae. The 
dark nebulx appear simply as patches of sky without stars. 
It is clearly a black cloud and not merely a place which lacks . 
stars. It is believed that these are tracts of space containing 
fine dust, very thinly scattered. The difiuse or bright nebulae are 
clouds of hazy light which cannot, however magnified, be 
resolved into separate stars. The most probable theory is that 
they are clouds of fine dust lit up by starlight. A bright nebula is 
then a dark one lit up by neighbouring suns. The “planetary” 
nebulae appear to the telescope as little round discs. They ate, of 
course, enormously larger than the stars, which never show any 
disc at all. Their spectra are rather like those of the hottest 
(type O) stars and indicate an enormous temperature, greatest 
towards the centre. 

The centre of a planetary nebula is a star and seems to be a 
white dwarf. It seems likely that a nova — perhaps a very large 
one — would separate into a nebulous envelope and an extremely 
hot white-dwarf centre. 

THE LIFE OF A STAR 

No erne has produced an entirely satisfactory theory of the way 
in which a star is born and dies. The account given here is 
based on the theories of RusseU, Eddington and Jeans, and it is 
certainly probable that something like it is true. The factors 
which take part in the shaping of a star are the following. 

Gravitation will tend to make a star contract As the star 
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contracts, its potential energy is tamed into kinetic energy: diis 
kinetic energy can appear as rotadonal energy and as heat energy. 
The effect of its own gravitation on a star will be to make It 
smaller t faster in rotation and hotter. A star can only lose heat from 
the outside, consequently the inside must be vastly hotter than 
the outside, which itself may be at a temperature of 5,000 to 
50,000** C. The centres of the stars then have temperatures- 
probably about ten to twenty millions of degrees. 

The ^ect of gravitation in decreasing the size of the stars is 
obviously opposed by other forces — otherwise the stars would 
shrink to nothing. The forces which tend to make a star expand 
ate, first, the repulsion of the atoms (or ions, for atoms do not 
remain intact at these huge temperatures) for each other; secondly, 
the radiation pressure. We have seen that the light from the sun 
can push a comet’s tail away from the earth. The interior of a 
star at a temperature of millions of degrees radiates so intensely 
that the blaze of heat, light, ultra-violet and X-rays drives the 
atoms and ions outward with a pressure up to several million 
tons per square inch. 

These factors enable us to make up a story of an evolving 
star which agrees first with the sequence of spectral types (p. 108) 
and with the sizes and masses of the stars of different kinds. 
No one would maintain that this story must be true: at best we 
can say that there is no other story we can invent which fits the 
facts better. 

The beginning of our history is a cloud of gas as big as our 
*‘local” universe or galaxy of stars. This gas was incredibly 
attenuated, far rarer than the gas in a good vacuum on earth. 
Probably some parts of it were gently moving. The effect of its 
own gravitation would be to make it contract, warm and 
begin to rotate. The gas would also condense locally to fbmi 
dense parts and rarer parts, the first beginnings of stars. As 
gravitational contraction continued and the rotation quickened 
^e great mass would become ffattened and disc-like, and the 
great spiral nebulae (Plate XLI) ate supposed to t^resent such a 
stage in the evolution of a universe of stats. 
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Turn now tx> the individual stars. Each is a vast haay mass of 
gas steadily contracting, steadily rotating quicker and ever 
becoming hotter. A giant star of the M type is dms formed. 
As the temperature rises conditions in the centre of the star 
become such that hydrogen atoms (whose nuclei are single 
protons) build up into the more complicated atoms, releasing 
great amounts of energy. The star thus gets ever smaller and 
hotter, and successively goes through the types M, K, G, F, A,B, 
by which time the central temperature becomes so enormous 
t^t the hydrogen atoms of the stars begin to unite, forming atoms 
of heavier elements and producing great amounts of energy. 
The star then steadily radiates away its mass and so becomes 
smaller. The star becomes more opaque as it contracts and so the 
surface gets cooler and so the star steadily passes, back from the 
B type, trough A, F, G, K, M back to darkness and the state of a 
cold dead world. But there is another fate for a star. The tem- 
perature and pressure of the interior may be such that not only 
ate live outer tings of electrons knocked off the atoms by the 
heat-jostling and radiation, but the innermost tings, too, leaving 
the bare nuclei. If the temperature suddenly reaches the point 
where this is possible, the effect will be as if the atoms had aU 
been vastly decreased in size. 

The result then of breaking up this final “K-ring” of electrons 
is to allow the star to contract enormously (for the nuclei ate enor- 
mously smaller than the K-rings); this process of contraction also 
liberates energy, so the star probably explodes. There is an enor- 
mous rise of temperature: a nova is produced, a shell of gas being 
driven out and a white-dwarf being left. The white-dwarf is 
intensely hot — ^i.e., its particles are moving very fast — ^but it 
cannot radiate much bemuse there are not many nuclei with 
electrons left on them to leap from orbit to orbit and cause 
radiation (p. 436). They, none the less, slowly cool and finally 
become yellow dwarfs and black dwarfs. 

It is not known whether this outburst is an incident in every 
star’s life, but it is at least probable. The rareness of the fin^ 
product — white dwarfs — would be explained by their feeble 
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light, which would tender them visible only at short 
distances. 


DOUBLE AMD VARIABLE STARS 

In our sketch of a star’s career we have omitted a common 
occurrence — ^its splitting in two. Double stars are common 
objects in the sky. Many are accidental doubles — stars, dozens of 
parsecs apart, but happening to be nearly in the same line of sight. 
But these doublets ate much too common to be merely chance 
neighbours, and a great many systems of two stars rotating 
round each other ate known. In a few cases, where the stars arc a 
good distance apart, they may have been neighbours always, but 
in most cases they are believed to have been formed by a star 
rotating so quickly that it broke in two. A star rotating slowly 
will be nearly a sphere; quicker rotation flattens it at the poles. 
If moving quicker still it will then form an ellipsoid rather like a 
Rugby football: this, if spun stiU quicker, will develop a waist 
and separate into two stars not very different in size. These will 
continue to rotate round each other or more accurately about 
their common centre of gravity in a period which may be months 
or hundreds of years. Sometimes we can see both stars of a pair — 
twenty thousand or so pairs are known — but, in many cases, we 
only notice the odd behaviour of the spectral lines. 

When one star is at its nearest to us and the other at its farthest, 
neither will be approaching us or going away from us, but both 
will be travelling side\rays. G}nsequeutly their spectra will be 
normal. But a quarter revolution later one will be coming and the 
other going, so the light from one wiU have its spectrum shifted 
towards the red, and the other will have its spectrum shifted to 
the blue. So, at this point, the lines of the light from the two will 
split or; if one star is much brighter than the other, as is usually 
the case, will shift to one side. So if we find a star has a spectrum 
of which the lines ate dttrmhly normal and shifted to one side or 
the other, we know it is a double. If die plane of rotation of a 
pair is in the line of sig^t there may be an eclipse once each 
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revolution. The funous star Algol becomes fainter for five hours, 
then brighter for five hours. It becomes sli^tly brighter for 
twenty-five hours, then slightly duller> then brighter again for 
twenty-five hours. The cycle then repeats itself. Here we have a 
very bright star and a rather dull star revolving round each 
other. The light is brightest when both can be seen, a little less 
bright when the bright star eclipses the dull one, and much less 
bright when the dull one eclipses the bright onel Several other 
queer alternations in light are known, their character depending 
on the size, speed and relative brightness and plane of orbit of the 
pair. 

The Cepheid variables, the light of which rises and falls 
regularly in periods of ten hours to a month, and whose brilliance 
and period arc connected, have been mentioned in connection 
with the measurement of stellar distances. They do not seem to 
be double stars, for the light does not vary in any way which could 
be deduced from a pair of stars of the right size and brilliance. 
These stars are believed to be pulsating, sweUing and shrinking 
alternately in periods of a few days. This is possible. Suppose a 
star was in any way forced to shrink. It would turn gravitational 
energy into heat energy. The heat would then make it expand 
out again. The enormous mass of the outer part of the star 
could not be stopped and would overshoot the mark somewhat 
until gravitational force puUed it back once more and the whole 
process started again. 


THE AGE OF A STAR 

The life of a star must be enormously long: for liquid water lias 
existed on the earth for two thousand million years: consequently the 
suncanthenhavebeengiving out litde,if any, more heat than now. 

2,000,000,000 y^us is then only a short chapter of a star’s life. 
We know, roughly, the mass of the giant stars and the mass of 
the sun. We also know about how much energy a star radiates. 
If die sun had started as a giant star and produced its energy by 
turning, electrons and protons into radiation, it would have 
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requited some seven million million yeats to bring it to its present 
mass. At this rate the life of the earth since its crust has been 
formed is about giyooth of the sun’s life. If, on the other hand, 
as seems more likely, the sun has produced its energy by turning 
hydrogen into heavier elements, the quantity of these in the sun 
indicates that it can only have been radiating for the ht shorter 
period, ij 0,000, 000,000 years, only 15 times the earth’s prol^ble 
life. It is not at present possible to decide between these very 
different ages. The expansion of the universe can be calculated 
to have started about 150,000,000,000 years ago, and it is difficult 
to picture the sun and stars as having existed as such before this 
expansion. Other evidence points to the greater age as the more 
probable. The stars are always pulling on each other gravitation- 
ally. This will speed slow stars up, and slow speedy stars down, 
till finally a state is reached when ^ stars have the same energy of 
motion. This state has been nearly reached. A calculation shows 
that 5-10 million million years would be needed to bring this 
about. There are two other sotmd arguments for an age of some 
millions of million of years. Adopting the greater age for the 
sun, we might say. 

Age of stars (and sun) 5,000,000,000,000 years. 

Age of earth since its formation 5,000,000,000 years. 

Age of oldest sedimentary rocks 1,750,000,000 years. 

Age of life 1,000,000,000 years. 

Age of Man 10,000,000 years. 

Age of civilisation 10,000 yeats. 

In comparison, we might say that if the sun has reached a late 
prime at sixty, the earth is but a fortnight old — life only four days. 
Man is an hour old or less, and civilisation but three seconds 

But if we are to believe that time has flowed for ever, and will 
flow for ever, we are almost as far from a knowledge of the life of 
the Universe as were our forefathers. Our lives are as nothing in 
the history of a star: a star’s life is as nothing beside Infinite Time. 
Whether in truth. Time and Space are in^te we cannot tell: 
perhaps it is impossible to know. 



PART VI 


LIFE 


CHAFfER XXXVII 
The Living Celi, 

WHAT WE MEAN BY UFE 

W E are alive, and to solve the problem of life and its 
working would be the crown of scientific achievement. 
Think of the things which we say are ^ve, men, beasts, birds, 
fish, insects, shell-fish, trees, grasses, mosses, seaweeds and the 
myriad microscopic creatures which inhabit every place where life 
can take a hold. 

What have they in common that we call them living? To us, as 
men, the chief characters of Life appear to be motion and 
sensation, but these are not common to all living things. Thus 
plants do not move except to grow; nor have we any reason to 
suppose that they have anything akin to consciousness. 

The true characters of life ate the powers of growth and 
assimilation, reproduction and response to environment. 

A living creature starts as a small object, takes in material, 
difierent from its own material, and changes this into its own 
substance, so growing larger, at least for a time. At intervals it 
generates new living creatures which ultimately become close 
copies of their parents. It responds to small changes in the 
outside world. That this is true of a man or a dog or a beetle is- 
obvious. But consider some extremely simple creature such as the 
tiny green organisms (Fig. j i j . i.) which often colour a pond green 
in a few days. This creature can turn carbon dioxide and water 
and the few metallic salts present in the pond water Into a set of 
most complicated molectdes — too complicated mostly for the 
chemist to imtavel. It thus grows larger and after a few hours it 

SI} 
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develops a waist and splits into two smaller organisms like itself. 
It responds very sensitively to the conditions of the outer world. 
A minute increase or decrease of acidity in the water will cause it 
to die out. A proportion of copper sulphate of two or three parts 
per million of water will have the same effect. It will move to 
situations which are favourable to its growth and move away from 
unfavourable spots. 

It is obvious, of course, that a brick or a tumbler of water is not 
living. Sometimes a crystal is said to approach living matter. 
A crystal of copper sulphate in a saturated solution of copper 
sulphate will grow certainly, but only by taking on its own 
material as an outer layer. It will not convert other substances 
into itself. It does not reproduce in any true sense. A piece might 
fail off and grow into a new crystal, but this would be an accidental 
occurrence, not a normal one in the existence of a crystal. 

In what kind of material does life reside? It seems that life is 
invariably associated with the same type of chemical compounds. 
The only kind of matter which can live is a solution or suspension 
in water of proteins (p. 632), together with sugars, with curious 
fatty phosphorus-containing materials called lipoids, and with 
various inorganic salts. The secret of life is probably hidden in 
the intricate and tiny network of atoms which makes up the 
protein molecule. 

It may be possible for life to reside in compounds of other 
elements than carbon, but on earth every living creature is made 
up of the same kind of material. Man, grass and bacteria must all 
contain proteins. The proteins in all three are different, but they 
are only different arrangements of the same couple of dozen of 
amino-acids (p. 632). 


THE CELL 

Living matter is never structureless — like a solution of sugar. 
As far as we know, life can exist only in a cell’ — a minute compact 

1 Some of the viruses (p. ipi6) which cause disease consist of particles so minute 
that we have been unable to studv their structure. They not be cells, but 
every other living thing from a cholera germ to a man is one cdl or many. 
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assemblage of the nuteuals of life. Evety living thing is a cell or a 
collection of cells. The cell is the unit of life, as the molecule is the 
unit of matter. 

'The photographs of Plates XLIII, XLVH give some idea of the 
way in which living tissues of animals and plants are composed of 
cells. Ihere is a very considerable likeness among cells. 'Vdiether 
the cell is a free-swimming animalcule in a pond or a part of a rose 
petal or of a philosopher’s brain, it has certain necessary parts, 
though we understand very little about the way these work. 

The cell is the unit of life: if we cut it to pieces, the pieces either 
cease to live or grow once more into complete cells. The cell is, 
moreover, an independent unit, for a single cell from the skin or 
muscle of a mao, if supplied with the right medium to live in and 
the right conditions, can live and flourish and multiply apart from 
the creature of which it was once a part. 

In Fig. 432 is drawn the idealised or pattern-cell. Individual 
cells may look very unlike it, because some parts are enlarged or 
diminished or of different shape, but every living thing is made of 
cells of this pattern. 

Now let us look at the pattern-cell. Cells vary a great deal in 
size. It is not difficult to see the cells in a daflbefil petal with the 
naked eye, while tlie smallest bacteda tax the resources of the 
microscope. We might consider our pattern to be about yjg 
millimetre in diameter. This seems a contracted space, but it 
means that there may be in a single cell a hundred million most 
intricate protein molecules besides water, salts, sugars, etc. 
There is plenty of space here for the most complex of molecular 
machinery. 

Every cell has two main subdiAnsions, the central nucleus and 
the surrounding “cytoplasm.” Some bacteda, etc., appear to have 
no nuclei, but even in these there seems to be nuclear substance 
(recognisable by the way some dyes stain it) broken up and 
distdbuted through the cell. 

Starting from the outside, there is often — but not always — a 
cell-wall. The tough woody substance of plants is the cell-wall 
made of cellulose, and the horny part of animal cells (e.g. of the 
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skin cells) is also this outer ceU-wall, which may be regarded as a 
non-living deposit or shell laid down by the living cell within. 
Inside this wall is the boundary of the living ceil-substance, the 
plasma-membrane. This is a fairly firm or tough skin. It is 
probably not made of a different material from the cell-substance 
but may be more like the surface-tension “skin” (p. 90, Rg. 34) 
of a soap-bubble — a layer of molecules of different kinds, pro- 
bably arranged in a regular way, e.g., with one particular group of 
atoms at the boundary. This ceil membrane can evidently be 
altered in consistency from -within: it allows certain kinds of 
molecules to enter the cell and keeps others out. All the cell’s 
food must pass inwards through it, and all its waste products 
must pass out through it. It is sensitive: often a tiny alteration in 
the solution it rests in will make it swell or contract or dter in shape. 



Fig. 43Z. — Diagnnunatic section of a typical cell. 
(Modified from Professor E. B. Wibon’s Tbe Ceil in 
Development and bemBtj. (Macmillan, New York.) ) 


Within the membrane is the cytoplasm, a clear viscid liquid, 
rather like very thin jelly, in which are suspended a vast number of 
very minute objects. The clear jeUy-like solution always contains 
proteins, substances with extremely large molecules (egg-white 



Tbt Living Ctll 817 

and gelatin are simple examples), catbohydtatos like glucose ot 
cane sugar; semi-fiuty subsmnces like ledthin; ail dissolved in a 
weak, salty solution much like diluted sea-water. This solution 
does not seem to be continuous like water, but to be divided up 
into a honeycomb of compartments, very much as the air in soap- 
suds is divided into a foam. The walls of the compartments are 
probably made of the “lipoid” £it-like material. All this is on a 
very small scale and to make it out taxes the resources of the 
microscope. 

In this foam ace suspended myriads of tiny objects, the smallest 
of which can only just be seen by die best microscopes: doubdess 
there are smaller objects which are invisible. The former are 
most easily seen by soaking the cell in solutions of certain dyes: 
these particles ate then more strongly dyed than the rest of the 
cell. 'Hiey are termed paraplastic bodies. 

Very litde is known about diese tiny objects. Some are solid, 
some ace oily droplets. Some of them are substances manu- 
factured by die cell and kept ready for use. Thus a cell whose job 
it is to produce digestive ferments will store up tiny grains of a 
substance which, when the ferment is needed, disappears again. 
The granules are here probably a store of something which could 
be turned into “digestive juice.” 

Plant cells usu^y contain comparatively large bodies called 
plastids, which are litde chemical factories in which sugar or 
starch or some such substance is made. The green pigment 
chlorophyll is contained in some of these. 

Hollow spaces, “vacuoles,” filled with liquid, are common in 
plants and single-celled animals. They may store up water, or 
act as “stomachs” for digestion, or as “bladders” for waste 
products. They are not in evidence in most animal cells. 

Fibres are often visible and are probably the means by which 
a cell alters its shape: when a cell reproduces itself by splitting in 
two, these fibres are very evident. The cell also has a complicated 
arrangement of fine fibres, the Golgi apparatus, the object of 
which is not very certain but which may be concerned with the 
production of various chemical substances which the cell requires. 
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There is also a dny granule called the centtiole or central body 
from which may ra^ate a few fine fibres. These are called the aster, 
and will be mentioned again when we discuss the way in which a 
cell divides. A cell may contain small or relatively huge quantities 
of material it has made. A fat cell may appear as an oily drop 
which occupies almost the whole cell, crowding into a corner 
the living cytoplasm and nucleus which made itl 

The nucleus is apparently the essential part of the cell in the 
sense that a cell wi^out its nucleus cannot grow or assimilate or 
reproduce and very soon dies. The nucleus is a tiny hollow space 
surrounded by a ^m skin, and filled with material more liquid 
than the rest of the cell. In it are skeins, knots and lumps of 
chromatin, a material which is recognisable because it takes up 
certain dyes very strongly. This chromatin mysteriously provides 
the pattern from which the whole animal or plant can be built up. 
It is the material which we receive from our parents and which 
makes up our heredity. Very litde is known about what it is 
made of, but a great deal has been found about the way it 
behaves when a cell divides. 

CEXL COMMUNirCES 

The single cell can perform all the functions of life. It can 
move, eat, digest, grow, multiply, perceive and move. But it is so 
small a creature as to be necessarily very helpless and almost 
wholly unintelligent. It cannot grow to any considerable size 
because it must breathe, eat and excrete through its surface. 
Suppose a cell were magnified a hundred times (from yoo nuns, 
to I mm. diameter), it would increase its surface ioo®= 10,000 
times, but it would increase its bulk and weight 100^=31,000,000 
times. So each bit of its interior would only get 
food and air it had before and so the cell would be very sluggish 
and ill-nourished. Consequently a single-celled creature as it 
grows becomes progressively less able to perform its functions; 
and therefore, at a certain stage, it must divide and make two 
smaller cells, each with a reasonable proportion of surface to interior. 
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A large single-celled creature is, therefore, impossible, and 
all animals large enough to be easily seen consist of many cells. 

Animals and plants as we know ^em are a co mmuni ty of cells. 
It is possible to compare the State as a community of men with 
Man as a community of cells. 

A man can perform for himself, rather inefficiently, the functions 
of feeding himself, clothing himself, housing himself and 
protecting himself. All this is much more efficiently done by 
allowing one man to grow food, another to make clothes, another 
to build houses: but in perfecting themselves in these trades men 
lose the faculty of performing their other functions. The single 
independent cell can grow a protective membrane, can gather 
food, can make ferments to digest it, can move, can respond to 
stimuli, can make another organism. But when many cells are 
combined into a single animal or plant, each perfects' one aspect of 
its powers and to some extent loses the others. The skin cells 
become efficient in building a horny outer wall. The cells of the 
intestinal wall are expert in taking in food: the cells of the glands 
specialise in chemistry and make various compounds. The 
muscle cell specialises in movement and the nerve cell in sen- 
sitivity. All of them keep the power of division because the 
animal must grow. Some keep it always: others, like the nerve 
cells, are so specialised that when they become adult they lose 
their power of division. If a man of twenty destroys a nerve 
cell he can never grow another to take its place, though he 
may get another nerve cell to do its work.^ 

The logical way of studying living things would be to start 
with the simplest and work up to the complex ones. But simple 
creatures are often not easy to come by or examine. There is one 
creature with which we are very familiar indeed — ^man. We 
all have one specimen we can examine and mildly experiment on. 
So our first task shall be to study Man as a living creature and 
see how, from some thousands of billions of cells, all variants of 

1 A cut neire may ttgeiiente,fot a nerve does not contain the essential part of the 
nerve-cell — ^the nucleus. The nuclei of the nerve-cells are in the brain and spinal 
cord: the nerve itself consists of long fibres spun out of their cytoplasm only. 
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the pattern we have studied, this body of outs is built. There are 
very many different kinds of cells in the human body: but they all 
fall into five great classes, which we may call skin cells, supporting 
cells (bone and cartilage), gland cells, nerve cells and germ cells. 

HOW CELLS REPRODUCE 

A single cell grows only to a certain size. When this is reached 
growth may stop or, alternatively, the cell may divide into two. 




G. 4}}. — ^How a cell divides, (i) The chromatin in the nucleus omaniscs 
itselt into knots and dumps. (2) The chromatin forms long threads: 
the asters develop. (5) The threads becomes split longitudinally. 
(4) The chromatin splits into short stout lengus--diromosomes. 
(5» 7) 'I'be threads of the asters draw half of each chromosome to 

opposite sides of the cell. (8) The new nuclei organise themselves: the 
cytoplasm develops a **wai6t.*’ (9) The cytopl^m splits in two: the 
chromosomes disintegrate to rods and specks of chromatins. The two 
new cells will grow into replicas of (i). (After Wilson and others.) 




821 


Tie Uving Cell 

As we shall see, each of us and every animal and plant started life 
as a single cell, and the many billions of cells in us have all been 
formed from this one. It split into two; these two then split into 
four, and this division and growth continued until we were full 
grown: and in some parts of our bodies continues till we die. 
This splitting and growing of cells is almost the most important 
thing in the working of a living creature, and it takes place in 
very much the same way in all living things, animals or plants. 
The process seems to be designed so tliat each, of the two new 
cells shall have a nucleus exactly like the old one. 

Fig. 433 shows rather cliagrammatically the process of cell 
division. In Plate XLIll are microphotographs showing cellr 
division in the root of a plant and the testicle of a newt — two 
utterly dilFerent organisms. The process is evidently the same in 
each, and it is not difficult to pick out several of the stages of 
Fig. 433. We do not understand at all well what forces cause 
this division, but all our ideas about heredity depend on an 
understanding of the way it takes place. 

The first thing that happens when a cell is going to divide 
is that the stuff in the nucleus we have called chromatin, instead 
of lying in fine scattered knots and threads and specks, begins to 
organise itself into larger masses. At the same time, the central 
body divides into two central bodies which move to the opposite 
sides of the nucleus and remain connected by a number of “rays” 
or fibres. Meanwliile, the chromatin has arranged itself into a 
long double spiral thread — ^the spireme — and this then rearranges 
itself into a number of short lengths called chromosomes. 
These are numerous in some animals and plants, and few in others. 
In man there are 48: in the cockroach there are 34, in tlie lily 24, 
in the fruit fly 8. These string themselves on to the rays which 
diverge from the t'vo central bodies. Next comes the essential 
feature. Each chromosome splits along its length’, then one half of 
each chromosome nugrates to each aster. The half-chromosomes 
arc evidently exact duplicates of the old chromosome from which 
they split. Gjnsequently each aster receives as may chromosomes 
as the oriffnal cell had. The new sets of chromosomes combine 
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again to a thtead round which a new nucleus forms. The 
cytoplasm splits and two cells remain, just like the original but 
smaUerl These then grow to full size, and then in turn divide. 


CHROMOSOMES AND GENES 

Now what are these chromosomes? Why is it that they are 
accurately divided between the daughter cells? Some creatures 
have very large chromosomes which we can see to be a string of 
rings or beads of chromatin, and we believe that all chromosomes 
have such a structure (Plate XLII). We can observe that in many 
cases if a particular “ring” or “bead” is missing, the animal is ab- 
normal in some fixed respect. Each ring or bead* — we call them 
genes— gives the animal or plant a particular characteristic. A man 
is brown-eyed or red-haired or colour-blind because he has or has 
not a particular on one of his chromosomes. The set of genes 
are in fact a complete “specification” for an individual. It follows 
from the way cells divide that every cell in the body has the same 
outfit of chromosomes: and that, given a good microscope to 
display the genes — they are usually too small to be seen by any 
microscope — and the necessary knowledge to recognise them, we 
could tell from a single skin cell in bis toe or muscle fibre in his 
arm whether a man was blue-eyed or red-haired or colour-blindl 
A male differs from a female in having (or in some species not 
having) a particular chromosome. Consequently a man or woman 
is male or female in every cell of his or her body. 

A man or animal or plant carries his heredity in every single 
cell, A tiny piece of a begonia leaf will grow into a plant identical 
with the one the leaf was taken from. The leaf-cells had their 
sets of chromosomes, each a string of genes: the plant grown 
from it had an identical set in every one of its cells. The story of 
the ingenious arrangement by which sexual reproduction eoni- 

1 This is not quite accurate: for a characteristic hereditary factor may be due to the 
presence or absence of two or three of these rings. The chromosomes of a man may 
have fifty to a hundred thousand hereditary factors. 
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bines the mother’s and father’s chromosomes will be told in 
Qiapter XXXIX, It is enough to remember that every cell of 
your body bears in it the exact copy of the set of chromosomes 
you received from your two parents: excepted oqly your germ 
cells — sperms or ova — ^which contain only half your set of 
chromosomes. The sperm or ovum which will make your son 
or your daughter may contain the genes which give you your 
large nose and your blue eyes, and omit the genes which give you 
your colour-blindness and bad temper. But it may equally well 
be the other way round. The supreme lottery of out lives lay 
in the manner of the selection, at our conception, of the half of 
our father’s genes and of our mother’s genes, which combined 
to make up the cell which developed into our adult selves. 



CHAPTER XXXVIII 


How A Man Works 

THE HUMAN MACHINE 

L et us now look into the working of the human machine; 

for the body may be regarded as a machine, even though 
we believe it to be more. The heart is a pump, the bones are 
hinged levers, and their working obeys the same principles as 
lifeless pumps and levers. Chemical reactions occur in the body 
and obey the same laws as they would in the test tube. If a 
pound of glucose combines with oxygen to give carbon dioxide 
and water in my muscles, glands and nerves, it produces just as 
much energy as it would if it were burnt in the kitchen stove. 
It has been found, then, that the changes which occur in the 
body can be explained in terms of physics and chemistry, if they can 
be explained at all; and accordingly science applies to the study of 
living matter the principles it has found to apply to dead matter. 

It may not be possible to express life itself in terms of physics 
and chemistry — that is, ultimately, of moving electrons and 
atoms. Men of science, who have seen so many mysteries ex- 
pressed in these terms, will press on in their investigation of life, 
and it is not for us to prophesy whether in time they will explain 
it or even create it. 


BONES 

A reasonably large animal cannot well support its own weight 
unless it has some stiffening tissues! A caterpillar gets on very 
well, in spite of being soft, because he is small. Considering a 

814 " 
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creature of some given shape, the stiifiiess or resistance to bending 
depends on the cross-section of the creature’s body, which 
depends oh the square of its length; but the bending force depends 
on its weight, which varies as die cube of the length. Conse- 
quently the bigger the creature is the ‘floppier’ it will be. Animals 
and plants, except some of the smallest, are provided with 
stiffening material. Vertebrates — mammals, birds, reptiles, 
amphibians and fish — have bones inside them. Arthropods — 
insects and crustaceans and the like — ^have a hard shell outside 
them. The only large and powerful creatures which have not 
either of these are the octopuses and squids, which (although they 
have an internal shell) depend for their strength and stiffness on 
a tough rubbery consistency of their bodies. 

Alan, then, has bones linked together by tough ligaments into 
a framework. These bones are the essential tools with which 
he performs his everyday actions, and they are the pegs on which 
he hangs his various specialised organs. To the bones ate 
attached most of the engines of lus body, the muscles, for the 
task of most of these is to move the bones. 

Bone is a remarkable material. If an engineer were designing 
a man, he would use something a great deal stronger than bone 
to support him, probably stainless steel tubes; but a man must 
grow from a single cell and must deposit his bones from substances 
in his mother’s blood stream or his own. So he must make them 
of some hard material which can be formed from food. Bone is 
laid down first as cartilage or “gristle.” A rod of cartilage cells 
first appears where the bone is to be. Then, in the thick wall of 
cartilage, the hard strong material calcium phosphate appears. 
The new bone is also surrounded by a membrane (the periosteum) 
which lays bone over the outside. The cartilage is gradually 
transformed into bone, but the process is not completed in man 
before the age of a8. A large bone like a femur (thigh-bone) 
is hard like ivory outside, but inside has a sort of spongy 
network of bone. The spaces in this “sponge” are filled with 
bone-marrow, which is of two kinds — ^yellow marrow (largely 
fat) and red marrow, which is a most important kind of tissue. 
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for it makes the red corpuscles of die blood. A bone is, then, a 
very efficient support, considering it is made of the rather 
unpromising materials calcium phosphate, which like most stony 
materials is rather brittle, and collagen, the tough material of 
grisde. Large bones are built both for lightness and strength, 
for they are tubes of hard heavy bone, supported by the light 
spongy bone within, which is disposed girder-fashion to take the 
strain. 

A bone is a living material. It has dny blood vessels running 
through it in every direction, as well as the bigger ones, leading 
to the marrow, wffich you can easily find in a beef bone. Under 
the microscope (Plate XLII), a bone shows myriads of tiny 
“canals,” which carry nourishing fluids from the blood and a 
vast number of tiny cavities each containing a living cell: these 
communicate with each other and the canals by still tinier tubes. 

Bone illustrates the remarkable power of repair, which some 
tissues possess and some — unfortunately — do not. A broken bone 
is the commonest of accidents. It is extremely instructive to see 
how the body sets about mending it. 

When a bone breaks the blood-vessels are torn and a clot is 
formed round the ends of the broken bones. Within a few days 
cells begin to grow into the clot from all sides and gradually 
replace it by a gristly mass of cartilage. Then, just as in the growing 
child, bone is laid down in the cartilage, with the effect that the 
two broken ends ate gripped by a lump of ratber open-structured 
bone (callus), in the same sort of way as two ends of lead pipe 
are held together by a wiped joint of plumbers’ solder. But now 
a new phenomenon appears. True dense bone begins to grow 
from under the membrane (periosteum) of the fragments: the 
growing ends meet and so truly unite the fragments into a single 
bone under the lump of callus. Next the callus is attacked by 
special bone-destroying cells and totally removed, leaving a 
perfect union. The body makes a temporary scaffold of bony 
callus while it is permanently repairing die broken bone. 

Fig. 434 shows the bone-ftamework of the body. It is interest- 
ing to see how fiu each part is fitted for the work it has to do. 
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Start at the feet. The geological evidence shows that man has 
been much as he is for some ten million years. If, as we believe, 
his fore-runners were 


apelike, they did not 
habitually walk in this 
way. It is surprising 
that man in some ten 
million years has not 
become so well adapted 
to the erect position 
as the other mammals 
to the four-legged posi- 
tion which they and 
their ancestors seem to 
have held for some 
hundred million years. 
Man is not comfortable 
in the erect position for 
more than a few hours. 
His feet become tired: 
he wants to sit. Look at 
his feet (Fig. 434a). His 
weight rests chiefly on 
the heads of his meta- 
tarsal bones and his heel 
bone. His whole foot 
forms an arch held up 
by ligaments. It is not 
surprising that his 
whole weight, directed 
to flattening out that 
arch, sometimes suc- 
ceeds in giving him flat 
feet. His foot, then, is 
rather an imperfect 
member. The ankle is 
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Fig. 43 — The human skeleton. 

(Courtesy of Messrs. Longmans, Green, Ltd., 
from Grid's Textbook of Anatomy,) 
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made up of 7 bones. 
It is a very compli- 
cated joint and allows 
movement in every 
direction. The ankle 
supports the two shin 
bones; the front one is 
the tibia, the back and 
smaller one the fibula. 
There seems no ob- 
vious advantage in 
having two bones at this point. However, all beasts have them and 
so do we! The knee joint connects the tibia with the femur, the 
great thigh bone. This is admirably shaped to take the body’s 
weight, though the “neck” at the top is a source of weakness. 
The leg bones, then, are adapted as columns for support and as 
walking- and running-machines. They are jointed to the pelvis, 
a large basin-shaped bone, into the back of which fits, like a 
wedge, the sacrum, a large bone composed of several vertebrae 
joined together. The pelvis acts as support for many powerful 
muscles (see Fig. 437), it protects and supports the important 
organs of the belly and it takes the weight of the spine or vertebral 
column which supports the other organs. The vertebral column 
(spine or backbone) is a pile of vertebrae, short columns of bone, 
finnly jointed by cartilage. It supports the whole weight of the 
upper part of the body. Each vertebra has a hole in the hind 
part, and these holes together make a tube, m the cavity of which 
is carried the great bundle of nerves, the spinal cord, which 
carries messages to and from the brain and acts itself as a sort 
of “under-brain.” To the upper vertebrae are jointed, rather 
stiffly the ribs, which meet in front in the breast-bone and make 
a barrel-like case which prevents the lungs from collapsing and 
is a protection to the heart jmd great blood vessels. The atm 
bones are attached to the body in a rather complicated way. 
The collar-bone is joined to the breast-bone at one end and the 
shoulder-blade (scapula) at the other. The arm-bones joint on 



Fig. 434a. — The arch of the foot prevented from 
sinking by ligaments from fore-part to heel and by 
tendons from calf-muscles. 
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to the shoulder-blade. This is why a fall on the atm often breaks 
the collar-bone, the weakest link between the arm and the body. 

The arm is neatly a repetition of the leg. The humerus is 
rather like the femur in shape. The elbow, however, is not so 
much like the knee. There are two joints in the elbow, a hinge 
like the knee joint and a pivot which lets the two bones of the 
forearm (radius and ulna) slide over each other. This pivot 
enables you to turn your forearm. You cannot turn your shin 
at the knee because the tibia and fibula are tightly joined together. 
The wrist is not unlike the ankle, but while the hand has the same 
set of bones as the foot, they are jointed to allow of the freest 
motion instead of being bound by ligaments to give the greatest 
support. The key to the differences between an arm and a leg 
is that a common pattern has been modified to give the greatest 
freedom and range of motion to the arm and the greatest strength 
and stability to the leg. 

The top vertebra is connected by a joint to the skull. The 
lower jaw-bone is hinged to the skull. For the rest, it is made up of 
no less than 21 bones rigidly joined together. These include the 
mouth (upper jaw) and nose bones and the cranium or brain box 
made up of thin bony plates. The skull is perhaps a rather vulner- 
able container for the most essential tissue of the body, the brain. 
Here is a respect in which man shows his character as a new- 
comer to the world. He has evolved a huge and very vulnerable 
brain, but he has not contrived to get a brain-box which will 
survive a moderate fall or a fairly vigorous blow. 

The other animals with their snialler brains and large protruding 
jaws escape this danger. 


JOINTS 

The bony framework is bound together by ligaments. A joint 
is a very remarkable structure. An engineer might criticise it 
as lacking strength — ^no one dislocates his axles and pivots! 
None the less, the human joints are surprisingly strong: it is 
easier to break the femur than to dislocate the thigh. A joint. 
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Fig. 435. — Typical joints. Bone is icpiesented as dotted, the lining of cartilage as 
black. (Top) The knee; M, muscle; P, patella (kneecap); F, femur (thigh bone); 
T, Fi, tibia and fibula (shinbones); L, ligaments holding the joint together; S, 
lining cartilage. (Bottom left and centre) shoulder joint. Sc, scapula (shoulder 
blade); H, humerus (upper arm bone); C, cartilage. (Bottom right) spinal column. 
V, bodies of vertebrae joined by a non-sliding joint; C, cartilage; S, sliding joints, 
which also act as stops. 

moreover, keeps itself well oiled and in repair for sixty or seventy 
years, which is a pretty considerable feat. A joint is made thus. 
The two bones have ends shaped to fit each other, and the surface 
of these is lined with cartilage. The joint is enclosed in a strong 
bag or capsule in which the ends of the bones move. Tills 
is clearly shown in the lower drawing of the shoulder joint 
(^^8* 43$)- bag with other strong bands of cartilage (not 
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shown) keep the bones from coming apart. The walls of the 
bag produce a lubricating fluid. The chief kinds of joint are, 
first, ball-and-socket joints as in the shoulder and hip. These 
can be moved in any direction. Hinge joints which can be moved 
only in one direction are the commonest. The elbow, knee and 
finger are good examples. The bones are moved by muscles 
pulling on them. Muscles can only pull and cannot push, so 
eve/y motion involves at least two muscles, one to make the 
motion and one to restore it. All bodily motions are adaptations 
of the lever. The muscles give a very powerful pull for a very 
short distance. The bones and joints are so arranged that the 







l^’iG. 436. — The principle of the 
motion of (i) the arm (biceps 
mu&clt); (2) the arm (triceps); 
(3) the calf and foot; (4) the 
linger (the muscle is in the 
foicann, tendons pass under 
ligaments in the wrist, palm 
and finger). 




832 The WorU of Scienee 

short powerful pull of the muscle is converted into a much 
longer and much weaker motion. One of the simplest examples 
is to be found in the biceps muscle which flexes the elbow joint. 
A muscle has the power of contracting, i.e., becoming shorter 
and thicker. The biceps is attached to a part of the shoulder-blade 
above and to the forearm bone (the radius) below. When it shortens, 
it pulls the forearm and hand upward. Fig. 456 gives afewsimple 
examples of how muscles and bones work as simple levers. 

Our muscles are not only used for motion, but also to enable 
us to keep still 1 A dead man whose muscles are relaxed cannot 
be made to stand or sit. We keep our usual position by pulling 




Fig. 4)7. — ^Illosttates the most important muscles and their (unctions. There are so 
many important muscles that it is necessary to omit many of them. 



PLATE XXXIX 



Halley’s comet, 7th Mnv, 1910. (liy 
courtesy of 'll'c ixAvcll Observatory, 
Arizona.) 



Part of the Milky Way. (By courtesy of The Yerkes Obser- 
vatory, Wisconsin.) 







PIJVTE XL 



Dark Nebula south of Orion. (By 
courtesy of the Mount Wilson Obser- 
vatory of the C^arnegie Institution of 
Washington, Pasadena, (^alilornia). 
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ourselves two ways at once. A tent pole can be kept uptight by 
three or more stretched ropes pulling on it. This is how we 
support ourselves. Consider, for example, your head. If you 
fainted or even went to sleep, your head would fall sideways or 
forwards. It is kept up by several groups of muscles. Some 
stretch from the spine to the back of the head, so pulling it 
backwards, others from the lower vertebrae to the front of the 
skull pull it forward. Several large muscles also pull the skull 
sideways. At “rest” these muscles are gently pulling against 
each other and against the weight of the head. The head of 
man and of all animals is so balanced that it tends to fall forwards 
as, indeed, does the whole skeleton above the knees: consequently 
the muscles pulling it backward are very much stronger than 
those pulling it forward. Fig. 457 maps out the way in which 
the groups of muscles hold the body upright. 

Look at the knee joint. If you fainted it would flex at once. 
A strong muscle, the quadriceps femoris (Fig. 457) attached to 
the top of the thigh-bone and the top of the shin-bone pulls the 
knee cap against the knee-joint and so prevents it moving forward. 
It cannot move backward on account of the way the joint is made. 

Now look at the back-bone. A big muscle (sacrospinalis) — the 
bit we eat as the “eye” of a chop — is attached to the pelvis and 
pulls the spine backwards while the belly-muscles and, still 
more effectively, the weight of the body pull it forwards. A study 
of Fig. 437 will give a fair idea of the way the pulls of the groups 
of muscles balance and so hold the bones in the positions we 
demand. 

There are, of course, many muscles which do other things 
than move bones. The action of swallowing, the churning of the 
stomach and intestine, the pumping of the heart — in fact almost 
every movement that takes place in the body, is the result of the 
contraction of a muscle-fibre. 

There is nothing at all mysterious about the way muscles are 
used: in fact, it seems surprising that such simple devices are 
enough for the delicate manipulations of the human body. The 
wheel and the screw are not used anywhere in nature: the only 
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mechanical device employed is the lever. A very good reason 
for this is the difficulty of getting a supply of blood to a rotating 
wheel or screw; but in any case the way of nature is to work 
out the possibilities of one type of process in all its elaborate 
variations and leave the others alone. All the marvellous adapta- 
tions in animals and plants seem to have been brought about 
by an accumulation of little alterations: there has probably never 
been a sudden production of a wholly new type of creature or 
mode of working. 


MUSCI£ 

But all simplicity disappears again when we turn to the muscle 
itself. This — the sole motive power of animals — is still a mystery, 
though much more is known about it than in former years. We 
know about as much of muscle — the human engine — as the 
worst type of car-driver knows about his engine. We know it 
needs fuel and air. We know what the fuel is and we know what 
the waste-products or exhaust ate. We know what starts it moving 
and we know what it looks like. But as to how the machine 
works, we are still only hazarding guesses. 

A muscle is a familiar enough object: a leg of mutton is a mass 
of muscle. You can see easily enough that it is composed of 
fibres all running in the same direction. When a muscle exerts 
its force, its volume does not alter much but its .shape does, for 
it contracts, becoming thicker and shorter. You can see this 
easily enough on your own biceps or the muscles of your calf. 
The microscope shows that a muscle is made up of myriads of 
spindle-shaped muscle cells each too narrow to be seen. These 
may be about an inch long and ^^^^th inch wide. Each one has a 
nerve fibre attached to it, and if this nerve is stimulated by touch- 
ing it or by electricity, the muscle cell shortens and thickens. Since 
all the cells in the muscle point the same way, the whole muscle 
shortens and thickens when the nerve-trunk leading to it (which 
has a nerve-thread for every cell) is stimulated. Leaving asi<lc the 
question of how the nerve makes the muscle-cell move, let us 
examine mote closely the muscle-cell itself. As example, we may 
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take a voluntary muscle— moved at vdll — as distinguished from 
a muscle like those of the heart or the intestine, which do not 
obey our commands. All muscle easily divides into fibres: its 
fibrous nature is obvious in a tough steak. But it can further be 
divided up into much finer fibrilke, which may be only mm. 
in diameter. These are the real units of muscle. Each fibre is 
equipped with a nerve thread which has the power to start it 
contracting, and the whole muscle is honeycombed with blood 
vessels running among the fibres to bring them their needed 
fuel and air. The muscle fibre has a number of nuclei dotted 
about it and can be looked on as a number of cells with their 
cytoplasm in common. This cytoplasm is the part which does 
the contracting. In a voluntary muscle, it appears to consist of 
alternate dark and light portions, which show, up well in Plate 
XLIV. These are usually thought to be transverse bands, but some 

photographs Indicate a spiral struc- 
ture. The middle (dark) portion, when 
the muscle contracts, enlarges at the 
expense of the clear part; some liquid 
from the latter evidently flows into 
the former. The result, at any rate, 
is that each muscle fibre becomes 
thicker and shorter. 

No theory which will hold water 
has been produced to explain why the 
chemical changes which go on in 
muscle should cause this shortening. 
Nearly all the fundamental problems 
of the working of the body come 
down to the question, “^lat is 
going on in this cell?” and our answer is usually a declara- 
tion of ignorance. The cell is on so minute a scale that 
the chemist cannot apply his tests to diflerent parts of it to find 
out the way the diflerait chemical substances are distributed in 
it. In any event, he has no sensitive tests for small portions of 
individual proteins. The explanation of cell chemistry and vdth 
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Fig. 438. — Muscle fibres much 
enlarged (see Plate XLIV). 
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it of muscular contraction must await a new laboratory technique. 

The muscle does work, and like every engine it must obtain 
its energy from somewhere. Its energy is supplied ultimately by 
turning sugar and oxygen into carbon dioxide and water; in 
fact, by burning sugar just as a steam engine bums coal. But 
the burning is done in a curiously roundabout way. It would not 
do for the muscle to liberate heat and turn this into work as a 
steam-engine does, for heat can only be turned efficiently into 
work if there is a fairly large temperature difference (p. x(>i) in 
the engine, and this would be impossible, for biological processes 
only work over a very small range of temperature. The muscle 
evidently turns chemical energy directly into work. Its efficiency 
is quite high, from 25% to 40%, always better than the best 
reciprocating steam-engine and sometimes as good as tlie best 
Diesel. Its power-weight ratio is poor. A man of 140 lbs. weight, 
rushing upstairs at his highest rate of working, exerts about 
2 h.p.; deducting some 50 lbs. for his arms and other organs 
which do not contribute to the effort, his power-weight ratio may 
be 4j Ibs.perLp. A petrol engine may weigh less than i lb.perh.p. 

The story of the muscle-engine is something like this. Food, 
when digested, gives the sugar, glucose. This passes into the 
blood and is partly stored in the liver as “glycogen,” a sort of 
starch which at a moment’s notice can be turned into glucose 
again. A small proportion is always circulating in the blood. 
Glucose is also partly stored as glycogen in the muscles (which 
may contain up to 1% of it). 

The muscles, when resting, contain (i) this glycogen and also 
(2) a substance called phosphagen, creatine phosphate, which 
supplies “phosphate ions” when required and stores them when 
not in use. The muscle is now made to contract by a nerve- 
impulse. It gets the necessary energy by turning a molecule of 
glycogen, lirst into several molecules of another substance called 
hexose-phosphate, each of which then turns into two molecules 
of lactic acid and the phosphate ion. 

This rearrangement of molecules liberates energy partly as 
work, partly as heat. This process, you will notice, uses up no 
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oxygen. A muscle can therefore contract without oxygen. 
But, as it does so, the lactic acid first produces sodium lactate in 
the tissues and finally accumulates in the muscle, which become" 
“fatigued” and ceases to work. Now comes the r 61 e of the oxygen 
in the blood. This oxygen turns about a fifth of this lactic acid 
to carbon dioxide and water, so liberating chemical energy. The 
rest of the lactic acid is believed, on not very sure grounds, to 
be transformed by the help of the chemical energy back to 
glycogen again, though it is not known how. So the muscle’s 
chemical action is something like the scheme on p. 837. 

This scheme is not of course certain in detail. It should be 
noted that the only things used up are glycogen and oxygen and 
the only things that are formed are carbon dioxide and water. 

A muscle is an efficient engine, but it can at best only turn 
some 40% of the energy supplied to it into work. The rest 
appears as heat, a fact which explains why exercise makes us hot. 
Suppose the efficiency of a muscle is 33% and suppose you cycle 
for an hour and exert J h.p. in doing it. A quarter of a horse- 
power hour of work must then involve the production of J h.p. 
hour in the form of heat. This is about 330,000 calories, enough to 
heat the body to about 109® F. Actually, however, one keeps 
quite cool because the body has admirable means of dispersing 
its unwanted heat. (p. 1 17). But if the body works at much greater 
power, say i h.p., the heat produced is, of course, four times as 
great and becomes quite difficult to disperse, and one feels 
exceedingly hot. Exercise also makes one pant. The reason is 
clear. Oxygen is needed to remove the lactates; and the carbon 
dioxide produced has also to be removed, so the gas-circulating 
organs, which are the lungs, mast work overtime. The air is 
transferred from the lungs to the muscles by the blood; accord- 
ingly, during exercise the heart works harder and may pump 
six times as much blood round the body. The oxidation of 
lactates and removal of the waste products goes on for some 
time after exercise has ceased and so one does not cease to pant 
after the exertion is over. After severe exercise the breat^g 
and circulation may not become normal until an hour has passed. 
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The oxidation too does not begin until a cettain amount of lactate 
has accumulated; consequently, in a hundred yards sprint race, 
the tunner often does not begin to pant till he has reached the 
tape. 


THE BLOOD 


The muscles, in order that they may work, need glucose to 
replenish their glycogen fuel, and oxygen to oxidise their lactates. 
These are supplied by the blood. Every single cell in the body 
needs a supply of oxygen, a supply of food material and a service 
for removal of waste products. A small single-celled animal has 
so small]a bulk compared to its surface that it can take in dissolved 
food and oxygen and excrete its waste products all through its 
skin. Consider a small spherical bacterium about jobs nun. in 

diameter. Its bulk is given by -1 X — V cubic centi- 

3 7 \20,000/ 


metres, approximately 0.5 Xio~^® cc. Its surface is 4 X X 

7 



sq. cm. = 5 X lo"* 


sq. cm. So it has about 1 700 square 


centimetres of surface for every cubic centimetre of bulk. Now 
consider a man. His bulk may be about 70,000 ccs. and his 
surface about 12,000 square centimetres. Consequently he has 
only about one-sixth of a square centimetre of surface to every 
cubic centimetre of bulk. This shows clearly that a large 
assembly of cells must find a way of supplying air and food to 
each of its members. The animal’s answer to the problem is to 
dissolve air and suitably prepared food in a liquid and pump 
this through a set of pipes to every cell in the body. 

This liquid which brings air and food to the cells is the blood. 
The blood of many lower creatures is colourless. This means 
that it does not contain the substance haemoglobin which is the 
chief carrier of air. Consequently, the only creatures with 
colourless blood are small — ^their relatively big surface allowing 
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them to take in ait mainly through theii exterior. The insects 
have a system of air-pipes ramifying through their bodies, to 
bring oxygen to their muscles. They can therefore exist with a 
colourless blood which carries little oxygen. 

The human body contains about a gallon and a half of blood — 
say 15 lbs. Everyone knows its appearance — an opaque red 
liquid, brilliant red when taken from an artery, purplish red when 
taken from a vein. The microscope shows that it is a clear yellow- 
ish liquid (plasma) in which float a great number of very minute 
bodies. Most of these are round flat discs — red corpuscles. These 
are the air carriers. In addition, there is a much smaller number 
of colourless cells of several kinds (Plate XLIII). 

If blood is centrifuged (p. 166) the heavier red corpuscles 
settle out and leave the clear yellowish liquid in which they were 
floating. This liquid is a watery solution of many substances, 
but chiefly of certain proteins. One is fibrinogen, which makes 
blood clot after it has been shed; the others, serum-globuUn and 
serum-albumin, are rather like white of egg. The blood plasma 
contains about 8% of these. 

The fibrinogen is made in the liver — no one knows what parts 
of the body make the rest. Why should the clear part of blood 
need to contain these proteins? First of all, the big molecules of 
proteins contain groups of atoms which behave as acids and other 
groups which behave as alkalis — consequently they combine with 
and neutralise (p. 579) any acid or alkali which might enter the 
blood and would seriously derange the body’s working. Secondly, 
fibrinogen clots when blood is shed and so makes the blood 
stanch the woimd from which it is escaping. There arc a few 
funilies in which is handed down the defect of having blood which 
clots very slowly or not at all. The unfortunate hsemophiUac 
or “bleeder” may lose his life from the smallest cut, which con- 
tinues to oo2e for hours. Some of the royal families of Europe 
have this unfortunate heredity, which will be mentioned again 
in connection with inheritance. Qotting must not of course occur 
within the normal body and so a rather complicated chemical 
mechanism prevents this. If blood is drawn from a wound, it 
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seems that minute bodies in it called platelets break up and 
liberate an enzyme (p. 863) prothrombin. This with calcium ions 
gives another enzyme thrombin which turns the soluble protein 
fibrinogen into fibrin, which does not dissolve in water and 
consequently appears first as a dark-red jelly and finally as a 
tough clot. The red colour is only due to entangled corpuscles: 
pure fibrin is yellowish. The difficult problem is why the blood 
dots when shed but does not dot in the body. It seems that the 
“platdets” from the blood are the dedding factor: some workers 
believe that the liver produces a substance which prevents 
clotting: others, that something which emerges from tissues when 
they are wounded starts it. Qotting can take place in the body 
if it has been internally injured or bruised. 

The plasma of the blood, besides these pro.teins, contains 
always a little glucose, some 0.6% of salts — mostly common salt, 
a trace of caldum compounds and a certain small proportion of 
waste products like urea. It ’always contains some dissolved 
carbon dioxide produced by the activity of the cells, and it is 
the plasma which carries this carbon dioxide to the lungs. The 
blood, too, carries food material from the digestive tissues to 
the rest of the body, so during the digestion of a meal it may 
contain other substances, such as fat globules. 

The red corpuscles of the blood are not true cells, for they have 
no nuclei. They are made in the red marrow of the bones. They 
bud off from the walls of the veins in the marrow and start with 
large nuclei like ordinary cells. They lose these nuclei as they 
grow older and become tiny slightly hollowed discs about ^ mm. 
in diameter. Every cubic millimetre of normal blood contains 
about 5,000,000 of these discs, so a man’s whole body contains 
about thirty billion corpuscles. A corpuscle lasts only about a 
month and then disintegrates. Every day a billion corpuscles 
are made and destroyed in your body. Each corpuscle carries a 
little of the red substance haemoglobin. It is a very complicated 
substance containing a little iron. Its importance is that if sup- 
plied with plenty of oxygen — ^as in the lungs — it combines with 
it and becomes bright-red oxyhemoglobin. This travels round 
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in the blood via the arteries to the tissues — ^glands, muscles, 
nerves, etc. A tissue is always using up oxygen, consequently 
there is never much free oxygen in a living tissue. The oxy- 
hxmoglobin then gives up its load of oxygen in die tissues and 
turns back to the purplish haemoglobin. The blood returns 
through the veins and takes this back to the lungs to receive 
another dose of oxygen. 

The spleen is an organ as big as a fist (p. 878) and receives an 
artery from the aorta and sends a vein to meet the portal vein. 
It acts as a reservoir of red corpuscles. If the body receives a serious 
demand for more oxygen the spleen contracts and sends these 
corpuscles out into the circulation. Thus the spleen contracts 
when violent exercise is taken or in cases of carbon monoxide 
poisoning when blood corpuscles are put out of action (p. 590), 
or in anaemia, when they are too few. It also seems to be able to 
break up old corpuscles and set the iron in them free so that 
new ones can be made. 

Extensive bleeding is of course a very serious condition; its 
ill eitfcct is largely due to the reduction of oxygen supply to the 
heart and brain. The most effective treatment for loss of much 
blood is blood transfusion — taking blood from a healthy person 
and transferring it to the padent who needs it. When this was 
first practised, it was noticed that sometimes it was a spectacular 
success and sometimes a complete failure — often killing the 
patient. It was discovered that some specimens of blood when 
introduced into a foreign bloodstream agglutinated-, that is to say, 
the red cells joined together into masses which blocked the 
smallest blood vessels and set up a disastrous set of symptoms. 
It was finally worked out that there were four groups of people 
with different kinds of blood. They are called Group AB, 
Group A, Group B, Group O. 

Group AB’s blood is agglutinated by the blood of every group 
but its own. Group A’s blood is agglutinated by the blood of 
Groups AB and B. Group B’s blood is agglutinated by the blood 
of groups AB and A. Group O’s blood is not agglutinated by 
any blood. Accordingly, Group O people are the only ones who 
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can give blood to anyone without danger of causing agglutination. 

Everyone belongs to one of these groups. They are hereditary 
and the way they are inherited has been worked out. Thus, the 
children of two Group O people must belong to Group O; the 
children of two AB’s cannot be Group O’s . . . etc. On the 
Continent the blood-group of a child is accepted as evidence of 
his parentage. Thus, if Emma, who is of Group O, has a baby 
which is of Group AB, Charlie, who is also of (^oup O, cannot 
be the father! For some reason, the British courts have only 
very recently begun to accept this evidence. It cannot prove that 
anyone is the father of a child, but it can prove that certain people 
are not. A very interesting development is the study of the' 
relative numbers of the Groups in different races. The table 
which follows shows how this varies in certain races: ’ 


Race, 


Petfentaff of 


1 

Croup 0. 

Group A, 

Grtwp B, 

G# 'P AB, 

Western Europeans 

46 

43 

1 

3 

Eastern Europeans 

33 

37 

19 

12 

(Hungarians) 

American Indians 

91 

7 

I 

0 

Indian natives 

32 

18 

! 42 

8 


From evidence of language, it has long been believed that the 
gypsies came from India. Here is the percentage of Hungarian 
gypsies in the Groups: 

Group 0 Group A Group B Group AB 
35 21 59 

The great number in Group B shows that they are closely 
connected with the Indians and not with the Hungarians. 

The white blood corpuscles are very different from the red. 
They are much fewer, averaging about one to every eight or nine 
hundred red. They originate in the tissues outside the blood- 
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vessels and migrate through the walls of the tiny capilkries. They 
behave like independent living creatures, and indeed look and 
behave very much like a very small amoeba (Plates XLII, XLIII). 
They can migrate about the body and their chief function is to 
engulf any foreign particles and digest them. They destroy bacteria 
or dead tissue cells and, in fact, are the defenders and scavengers of 
the body. Suppose you prick yourself with a dirty pin. The skin, 
when injured, produces something which makes the little blood- 
vessels widen — the region round is engorged with blood and a 
red spot is seen. The bacteria contained in the dirt on the pin- 
point begin to multiply. The white cells, attracted apparently 
by the chemical substances exuded by the injured tissue, migi-ate 
to the scene of action, devour the bacteria and the dead cells. 
The spot is cleaned up and returns to normal. If much dead 
tissue and bacteria are present, great numbers of white cells are 
brought up. They die, after digesting some of the dead tissue 
and bacteria, and a yellow liquid — pus — consisting of dead white 
cells, dead and living bacteria, etc., forms in the wound and 
constitutes an abscess, which, as it is a stronghold of bacteria, 
requires to be emptied by opening it up freely. 

One more constituent of blood requires mention — the platelets, 
which are very small bodies about a third of the size of a red 
corpuscle. There should be about one platelet per twelve red 
corpuscles. Not much is known of them; but they are believed 
to help the blood to clot. 


THE CIRCULATION 

'fhe blood is forced through every organ of the body. Even 
when we are at rest, the whole of our blood passes through the 
heart every minute. When violent exercise is being taken, as 
much as eight gallons a minute may pass through the heart. An 
ordinary kitchen tap turned full on gives only four gallons a 
minute, a fact which gives a picture of the rush of blood which 
swirlsthrough our arteries. The object of the blood is to take food 
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and air to the cells of muscle and bone and every other tissue. The 
blood cannot do this, unless it is brought very close to the cells. 
Ihis is accomplished by means of a meshwork of minute tubes 
called capillaries which permeate every tissue in the body. These, 
invisible to the eye, ate the place where the work of the blood 
is done. The great blood-vessels, arteries and veins are only 
pipes to lead the blood where it is tmited. These capillaries are 
often finer than a hair and the blood works its way along them 
but slowly; there are, however, such an enormous number of them 
that the blood passes quite quickly through such an organ as a 
big muscle. Fig. 439 gives 

some idea of the circula- ,-(7 ^ 

tion through the hand. r/jO wl (M 

The blood from the heart / ja /^/ Ijyl 

travels various arteries Ir- ' 1^1 j^j 

(lighter shading) to the Im /Ml I^l /Mj 

wrist. These break up i Ifffl 
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into smaller arteries: these branch into smaller arteries still, 
till the blood is lost to sight in a maze of tiny tubes far too 
small to be drawn. Here it does its work of imparting air 
and food. The tiny capillaries converge and join to form 
larger tubes which again converge to form the veins (darker 
shading) which carry the blood back to the heart. This story 
is true of all the organs in the body; each has an artery 
which branches out into capillaries which rejoin to form a 
vein. 

The general way the blood flows round the body is shown in 
Fig. 440. Remember for the moment that the heart is two separate 
pumps. Start at the right side of the heart (the fellow in the 
diagram’s right — not yours). The blood entering this has just 
returned from the body and so requires fresh oxygen. It goes 
from the right side of the heart to the lungs, and, with its load 
of oxygen, back to the left side of the heart and thence to the 
great main artery of the body, the aorta. Here it takes several 
alternative courses: some goes to the arms and back again, some 
to the head and back again, some goes to the bowels and returns, 
laden with food products, through the liver, the greatest chemical 
laboratory in the body; some goes to the kidneys to be purged 
of waste products, and returns; some goes to the legs and back 
again. All the returning blood goes to the right side of the heart 
and repeats its journey again. It takes a good deal of force to 
squeeze the blood through the capillaries of the various organs; 
and this task is made much easier by the arteries being elastic. 
ITie heart pumps a tumblerful of blood into the arteries, which are 
distended by it as soft rubber tubes would be. The elastic arteries 
then contract and squeeze the blood steadily on. The waves of 
contraction and expansion are felt in the pulse. The- efiect of 
these elastic arteries is the same as that of the vessel filled with 
elastic air in the force-pump (Fig. 105, p. 198); in each case 
an intermittent flow with alternate peaks of high pressure and 
troughs of low pressure is converted into a steady flow at a 
medium pressure. In old age, the arteries often lose their elas- 
ticity. The heart then forces the blood into a tube that can 
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stretch but little; consequently, a big pressure of blood is pro- 
duced and a little blood-vessel may burst. If this occurs in 
the brain a “stroke” is the result. An artery, then, is a 
very strong elastic tube made up of several coatings. The biggest 
artery in the body is the aorta: it may be about as large as a table- 
napkin ring. The femoral artery which supplies the leg may be 
of about a centimetre bore. 


Veins are very 
different from arteries. 
They are not having 
blood forcibly driven 
into them, for the effort 
of driving the blood 
through the capillaries 
exhausts all the force 
the heart originally 
gave it. Consequently 
thick, strong tubes- are 
not needed for veins 
and thin and weak 
ones suffice. The blood 

Fig, 440. — General circulation 
of blood as set out on p. 846. 
R.A. right auricle (atrium); 

R. V. right ventricle 
P.A, pulmonary artery 
P.V. pulmonary vein 
L.A. left auricle 
L,V. left ventricle 

A. aorta 

C.A. carotid arteries 

S. A. subclavian artery 
I.V.C. inferior vena cava 
S.V.C. superior vena cava 

S.V. subclavian vein 
J.V. jugular vein 
Pt.V. portal vein 

In addition to these ate 
shown the blood supplies 
to liver, spleen, intestinal 
tract, kidneys, legs. 
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returns through them, partly because the heart sucks it out like 
a pump, but more because Aey are furnished with valves which 
will let blood run towards the heart but not away from it. When 
you move, your muscles contract and squee2e the veins that lie 
near them; ^s pushes the blood towards the heart, for it cannot 
go the other way. Exercise is therefore directly helpful to the 
blood-circulation. 

We have just seen that the blood nourishes and aerates the 
cells by being carried to them along the capillaries. But the cell 
itself is not entered by the blood. Some plasma filters through 
the very thin wall of the capillary into the tissue cells and spaces, 
carrying with it food materials, etc. The lymphatics are a separate 
system of tubes designed to bring that plasma back to the circu- 


BLOOD FLOWING THROUGH CAPILLARY THROUGH 
THL WALLS OF WHICH LYMPH ESCAPES 



LYMPH CAPILLARY CARRYING LYMPH TO 
VEINS 

Fig. 441. — Diagram of the course of lymph. 


lation. The lymphatics begin as capillaries with blind ends and 
very thin walls. The tissue fluid or ^‘lymph’’ can pass through 
these. It finds its way, chiefly as a result of the pressure of the 
muscles, from lymph capillaries to larger and larger vessels. AH 
the lymphatic vessels of the body drain into one large one which 
empties itself into one of the great veins at the root of the neck. 
On its way back to this, the lymph passes through lymph glands 
which act as filters. You can feel several as lumps under your 
lower jawbone. If you have a septic tooth, the lymph from it 
contains poisons which the lymphatic gland filters out: you can 
then feel it enlarged and tender. These glands are great safe- 
guards in protecting the bloodstream from infective matter from 
wounds and diseased tissues. 
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THE HEART 

The heart, mechanically speaking, is a pair of very simple 
pumps. In principle it is simply two bags which contract and 



Fig. 44Z. — One of the valves of the heart (diagiammatic). Blood 
can flow only in the direction of the points of the flaps. 


expand and which have an inlet and outlet valve, made of flaps 
of tissue so arranged (Fig. 442) that the pressure of blood in one 
direction forces them apart and in the other direction forces them 
together. Fig. 445 shows how it works. At stage one, the heart 
is expanding; the inlet valves are open. Blood is pouring into the 
muscular ventricles on the right side from the veins; on the 
left side from the lungs. At stage two the heart has begun to 
contract from the top downwards. The top portions, the 
auricles, are contracting and forcing the blood they contain into 
the ventricles below which have not yet begun to contract. At 
stage three the ventricles of the heart contract: the blood is 
forced through the outlet valves. From the tight side, it goes 
to the lungs; from the left side to the whole of the rest of the 
body. While this is happening, the auricles are e^anding again 
and receiving a fresh charge of blood from the veins. So the 
action of the heart is a wave of contraction starting (stage two) 
at the auricles and passing down (stage three) to ihe ventricles, 
followed by expansion (stage one). Before we consider how this 
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Fig. 443. — The hesut, (1) Before contraction has begun 
(diastole): heart filled with blood. (2) Contraction be^n- 
ning. Inlet valves just closing (presystole), (5) The heart 
fully contracted: blood driven out through the outlet valves 
(systole). (4) External view showing the coronary arteries 
which supply the heart itself with blood. R A. Right auricle 
(atrium). L.A. Left auricle. R.V. Right ventricle. L.V. Left 
ventricle. 


movement is controlled, we may reflect that the heart muscle 
itself must have a blood supply! Little side arteries, the coronaries, 
take a supply of blood from die aorta; this blood permeates the 
heart muscle and is returned to the right side of die heart. 

The heart’s most remarkable feature is that it may work 
apparendy continuously for a hundred years. There is a little 
space of rest between each wave of contraction. This seems to 
be rest enough for it. The incredible reliability and lastingness 
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of a pufflp made of such apparently imsuitable material must 
always be a source of wonder to the engineer. 

The rate of supply of blood has to be adjusted to a very 
variable demand. The oxygen which is consumed by the body 
may vary from half a pint a minute at rest to nearly a gallon a 
minute when violent exercise is being taken. The only way to 
get this oxygen to the tissues is to increase the blood-flow. 
Accordingly, the body has to regulate the speed of the heart-beat 
very delicately. Two nerves, the vagus and the sympathetic, 
control the heart. The former slows the heart, the latter 
accelerates it. Both nerves arise from centres in the lower part 
of the brain, which is the centre of control. Everyone who has 
been in love or frightened knows the eflect of the brain on the 
heart; but control is automatically going on even when we do 
not realise it. The pressure in certain of the aiteries and veins 
affects nerves which can control the heart. Thus, if the blood 
pressure becomes low in the carotid sinus, a Uttle pocket in the 
big artery of the neck, a nerve automatically transmits an imprilse 
to the heart which speeds it up and so makes the blood pressure 
higher again. This process keeps the heart going at a steady rate. 
Now suppose you begin to take violent exercise. Your muscles, 
as they contract, squeeze the blood back through the veins far 
more rapidly than before. The pressure in the great returning 
veins increases. This operates a nerve mechanism which stimu- 
lates the heart to beat faster and circulate the blood more rapidly. 
A great deal is known about the way the wave of contraction 
spreads down the heart, but it is perhaps more important to 
doctors than to ordinary readers. 

AIR SUPPLY 

The supply of oxygen to the muscles and other tissues is, then, 
regulated to some extent by the rate of working of the heart, 
but the control of breathing by the acidity of the blood is a still 
more delicate adjustment. The apparatus for supplying air to 
the body is the lung. Blood supplied to the limg by the right 



85 z The World of Science 

side of the heart has its purplish haemoglobia changed in the 
lung into bright red oxyhacmoglobin. The left side of the heart 
pumps this to the body. In the tissues where there is very little 
oxygen, the oxyhaemoglobin breaks up and gives oxygen. This 
dissolves in the plasma of the blood and difiuses tiuough the 
capillary walls to the cells that need it. These make the oxygen 
combine with various chemical compounds and so get the energy 
they need. The final products of the cells’ action ate water and 
carbon dioxide. This latter dissolves in the tissue fluids, diffuses 
back through the capillary walls to the blood stream and is 
carried back with it to the right side of the heart and thus to the 
lungs again. Here the blood gives up some of its carbon dioxide 

and t^cs up more oxygen. 

The lung, then, is designed to 
bring the blood into close con- 
nection with a supply of air which 
must of course be continually 
changed as the blood removes 
oxygen from it and puts carbon 
dioxide into it. Air can enter the 
body by mouth or nose. The nose 
is the organ designed as an air- 
entry; the mouth is for use only 
when large air supplies are 
needed. The nose opens into a 
large narrow irregular chamber 
lined with warm, moist mem- 
brane. Consequently the air 
passing through it is warmed and 
moistened and to some extent 
freed from dust. It then passes 

of tlie lung magnified 125 tunes. , .11 1 " 1 

A. blood Ycssd canying oxy- down a Wide tube — the trachea 

orwind-pipe-through the voice. 

ing de-oxygenated blood ftom the box. This tube divides mto two 

leading to each lung 

tube bringing air. The lungs are like an inverted 
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tree whose trunk is the windpipe, whose branches are the smaller ait 
tubes and whose leaves are little air-cells or alveoli. The branching 
structure is well seen in the X-ray photo of Plate XXVI. The walls 
of these air-cells are honeycombed with blood-vessels, with very 
thin walls of living cells through which oxygen and carbon dioxide 
can pass. All that separates the blood from the air is the very 
thin wall of the capillary and the membrane over it. Fig. 444 
shows single grape-like bunches of air-cells magnified about 
125 times: the piece shown would be 1^5 in. long, just big enough 
to be seen. The whole lung is made up of these branching air- 
tubes and air-cells and the network of blood-vessels leading to 
them and lining them. 
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Fig. 445 shows how the lungs lie in the body. They ate 
completely enclosed in a case with a moyable wall. The top of the 
case is the ribs and the bottom is the diaphragm — ^a big sheet of 
muscle which divides the body in two. This case is lined with 
a membrane called the pleura. This passes round the heart, 
which lies between the two lungs; the membrane in this part is 
called the pericardium. The lungs lie in this case and fill it 
completely. Now this case can expand and contract. When it 
expands, the lungs must expand too and so take in air; if they 
did not, a vacuum would be left between them and the lining 
of the case, and the air pressure in the lungs would instantly 
expand them. When the case contracts, air is forced out of the lungs. 

Fig. 446 shows 
how the “case” is 
made to expand. 
The diaphragm con- 
tracts and pulls the 
bottom of the case 
down while a muscle 
in the neck, the sca- 
lene, and also the 
rib-muscles pull the 
top ribs up. To make 
the case contract, 
these muscles relax 
and the big muscles 
of the front and 
sides of the belly pull 
the bottom edge of 
the rib-case down, while the diaphragm expands wd pushes 
the lungs up. 

This arrangement makes the lungs blow air in and out; from 
the engineering point of view it is a poor ventilating arrangement, 
for the air is by no means completely expelled at each breath and 
the air in the depths of the lung cells is only quite slowly changed. 
None the less, it answers very well, for the very moderate design 
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Fig. 446. — Illustrating the manner in which the muscles 
(black) cause the lungs (left) to expand and (tight) 
Co contract. 
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is made up fot by the marvellously delicate adjustment of the 
speed of breathing. In the lower part of the brain is a “centre” 
or regulator, which in some way which is not understood responds 
to the acidity of the blood. If the blood is more add than usual, 
the brain centre sends a message via a nerve to the diaphragm 
musde, which is thereby made to contract more strongly and 
work the lungs more evidently. If the blood is less add (more 
alkaline) than usual, the centre sends an order to the diaphragm 
to make the lungs work more gently. 

'fhe differences of acidity it responds to are extremely minute, 
and even the most delicate electrical apparatus would not always 
detect them. Now, when cells of any kind in the body work 
extra hard, they produce more of the add gas carbon dioxide. 
This dissolves in the blood and makes it slightly more acid. This 
makes the respiratory centre in the brain send -its order that the 
lungs shall be speeded up. Consequently the air gets changed 
oftener in the lungs and so is fresher and contains more oxygen. 
The blood therefore gets more fully charged with oxygen. This 
is carried round to the hard-working tissues whi^ need itl 
The extra ventilation in the lungs also gets rid of the extra carbon 
dioxide. This mechanism is quite easy to test. 

I am now going to make myself breathe violently in and out 
as hard as I can for a quarter of a minute. This will ventilate my 
lungs and ffU them with fresh air. The carbon dioxide of the blood 
will be rapidly carried away instead of accumulating in the air- 
cells and partly redissolving in the blood. My blood acidity will 
therefore be lowered and I shall breathe less. 

I find that after this bout of forced panting I breathe so feebly 
and shallowly that very little air enters and leaves my lungs at 
all for the next minute or so. The opposite effect is used in 
artificial respiration. If you make a feebly-breathing man breathe 
a mixture of, say, 95% oxygen and j% carbon dioxide, his 
blood becomes fiill of carbon dioxide and more add than usual. 
The brain centre makes his lungs speed up and breathe deeply, 
and so he gets a good supply of the oxygen he needs: the extra 
carbon dioxide is quite ha^ess. 
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The defect of this regulator is that a lack of oxygen does 
very little to stimulate breathing. If you are at the top of a 
mountain where the air-pressure is only, say, ten inches of 
mercury, your lungs contain only a third of the oxygen they 
would at ground-level. But your blood contains no more carbon 
dioxide and is therefore no more acid, so breathing is very 
little faster.^ The result is that the blood lacks oxygen. A 
moderate height, say 14,000 feet, where the air is about \ of the 
ordinary pressure, will make many people become blue (the colour 
of the hxmoglobin in deoxygenated blood) and often faint. A 
stay of several days causes a number of unpleasant symptoms — 
moimtain sickness — occasioned by lack of oxygen. Now the city 
of Quito in Ecuador is at an altitude of 11,000 feet. Its citizens 
are quite happy in the rarefied air, though the casual visitor 
becomes exhausted after walking a few yards. They have adapted 
themselves to the lack of oxygen by growing many more red- 
corpuscles in their blood. They make up for the poor supply 
of oxygen which each corpuscle can carry away from the thin 
air, by using more corpuscles. They also produce more alkaline 
urine. The effect of this is to make their blood a little more acid, 
so that the carbon dioxide produced by quite a small amount of 
exercise will make their blood add enough to cause their brain 
centre to increase their rate of breathing. 

This compensation is only possible to a limited extent. The 
top of Everest, where the air pressure is less than one-third of 
the value of sea-level, certainly represents a region to which no 
one could become acclimatised. On Everest, at 28,000 feet, it 
was found that from seven to ten breaths had to be taken for 
every step forward and upward. Probably the most lofty village 
in the world is Aullagas, in Bolivia, 15,700 feet above sea- 
level. 

High pressure of air is another thing which is not reckoned 
with by the body. The dangers of high pressure air are chiefly 
felt by divers. Divers at considerable depths can be endosed in 
a pressure-proof-jointed metal case, in which air at the ordinary 

^ There is a compensatioo which increases breathing slightly and temporarily. 
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pressure can be supplied to tiiem and they can work at great 
depths. Unfortunately a man in such a casing can do but little 
work. Plate XLV shows a man in such a diving dress. 

The ordinary diving dress is flexible and a diver enclosed in 
it can do a fair amount of work. But he has got to breathe com- 
pressed air. What would happen if a diver, receiving air at 
ordinary pressure of ij lbs., were lowered to a hundred feet 
depth, where the pressure is 60 lbs. per square inch? The pressure 
of the water would force the dress against his body, for there 
would be a pressure of 1 5 lbs. per square inch in his lungs and 
60 lbs. per square inch outside, giving the same efiect as a 5 -ton 
lorry balanced on his chest. Consequently his chest would 
collapse; the blood too would be forced up into his head. This 
chapter of troubles is prevented by pumping air into the dress 
till it escapes through a valve. It does this, of course, as soon 
as its pressure is higher than that of the water. The diver is now 
reasonably comfortable. He has a pressure of 60 lbs. per square 
inch inside him and outside him. But the more a gas is com- 
pressed, the more soluble it is in a liquid. Consequently tlie diver’s 
blood becomes charged with oxygen and nitrogen from the air. 
If he is then suddenly hauled to the surface, he is taken with 
agonising pains and is in serious danger of death. The reason is 
that when the pressure is lowered the dissolved gases appear in 
the blood and tissues as tiny bubbles, just as bubbles appear in 
soda-water when the bottle is opened and the pressure released. 
These bubbles may block blood-vessels and even prevent the 
heart from working. A diver therefore has to be slowly raised up 
from the bottom so that the pressure may fall very slowly, and his 
limgs may discharge all this ^ssolved gas. If he has been working 
at great depths, say, 200 feet, it may be necessary to take from 
two to four hours to raise him. This long wait in the cold and 
heavy dress makes diving very trying indeed. The best remedy 
found is the Davis decompression chamber. Fig. 446a shows this. 
The diver can come up and climb into it fairly soon. He can 
then take off his thmgs and close the chamber, which remains 
full of compressed air. The chamber is hauled on deck and the 




Fig. 446a . — ^The Davis decotnpi:essioa chamber in use. 
(Courtesy of Messrs. Siebe, Gorman Sc Co., Ltd.) 



Hov a Mat Works 859 

diver can remain there &irly comfortably while the pressure is 
steadily and gently lowered. 

We have seen how the blood acts as a carrier of air. Next in 
importance, perhaps, is the way it acts as a scavenger and a carrier 
of water and of foocktuifs. 

THE SCAVENGING SERVICE 

The kidneys have the task of removing from the blood all 



Fig. 447. — The apparatus for keep- 
ing the composition of the blood 
constant. A. aorta bringing blood 
from the heart. K. kidney. V. 
^na cava returning blood to heart. 
U, ureters carrying urine to B 
bladder. 


waste substances and of keeping 
the amount of water and salts 
in the blood always the same by 
removing any excess. They are 
absolutely essential organs; if 
both are completely put out of 
action, life cannot continue for 
more than a few hours. 

Fig. 447 and Fig. 454 show 
how they are situated. The great 
main artery of the trunk sends off 
branches to cany blood to each 
kidney: the purified blood returns 
to the great main vein. The 
kidney removes waste matter in 
the form of a weak solution — 
urine. This passes down two 
tubes — ureters — ^to the bladder, a 
tough muscular bag which col- 
lects the urine to be discharged 
at our convenience. The problem 
of the kidney is to remove dis- 
solved waste products from the 
blood without removing the 
useful proteins and sugar and 
without removing too much salt. 
The task of ^^pinching the sugar 
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out of a Scotchman’s tea’ is proverbial. His kidneys have to 
pinch the waste products out of his bloodl 
The method of the kidney is this. First, it runs a supply of 
blood through capillaries enclosed in a membrane which will let 
all molecules and ions through except the big protein molecules. 
Thus, it gets from the blood a solution containing water, glucose, 
salt, waste products, etc. Then it takes the valuable glucose, 
most of the water and some of the salt back and puts it once 


more into the blood. Look 
at Fig. 448. The blood comes 
in from the artery, which 
splits into thousands of tiny 
branches. Each of these ends 
has a tiny tuft of capillaries 
enclosed in a bag made of 
“filtering-membrane.” Here 
a certain amount of water 
and of everything else in the 
blood except protein oozes 
through into the “uriniferous 
tubule” (Fig. 448). This 
solution is just the same as 
blood without the corpuscles 
or the proteins. We call it 
“filtrate.” This filtrate travels 
along the minute uriniferous 
tubule. This is lined with 
cells which take out of the 
filtrate most of the water, all 
the glucose and some of the 
salts. These cells hand their 
water, sugar and salt back 
to the blood in the capillary, 



Fig. 448. — ^The microscopic structure of 
the kidney represented diagrammatic- 
ally. Light line shading, blood from 
he^, dark shading, blo^ returning to 
heart. Dotted shying **filtrate** which 
as it travels along the tubule becomes 
urine. 


which after leaving the filtering chamber meanders around 
and among the tubules till it finally joins with its fellows and 
reaches a vein. The liquid which leaves the tubule is called urine. 
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The tubes’ powers of gathering sugar from the filtrate are 
limited: if the blood contains a great deal of sugar, some will get 
out in the urine. This happens in diabetes, a disease in which 
the body cannot use up sugar. 

The waste products which pass off in the urine are chiefly the 
remains of protein molecules which have been destroyed. These 
are chiefly turned into carbon dioxide which passes out by the 
lungs, water and urea which has the structureHaN-CO -NHj. 

It is essential for the working of the body that 
the blood should always contain neatly fie same 
proportion of water molecules to **solid*’ molecules 
or ions. If you drink half a gallon of fresh water, 
you will get rid of it all again as urine in two 
or three hours. But if you drink half a gallon 
of weak salt water, you will retain most of it,‘ 
for both water molecules and salt ions are being taken in together. 

The sweat glands filter from the blood a watery solution but, 
unlike the kidneys,' they have no mechanism for putting any of 
the substances dissolved in this fluid back into the blood. Their 
function is simply to keep the body cool (p. 117) and not to keep 
the blood’s composition always the same. If a man, such as a 
miner, does hard and heating work in a damp, poorly ventilated 
atmosphere, where evaporation is slow, he loses huge quantities 
of sweat in which is dissolved a great deal of salt. Loss of water 
makes him thirsty, so he drinks water. The net result is that he 
is putting in fresh water and taking out salt water; so he steadily 
loses salt. His blood becomes much more watery than usual and 
the result is apt to be very painful cramps. The discovery that 
this can be entirely prevented by drinking slightly salted water 
instead of fresh has abolished this painful and dangerous ailment. - 

DIGESTION 

Air, food and water are the three things the body requires 
from outside. The first we have discussed. It is our next task 
to see how the body takes the miscellaneous collection of 
goods from the grocer and butcher and pastry-cook and 
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turns them into flesh, bone, blood and fuel. 

What can we eat? Only animals and plants in some form or 
another. We shall see that all useful foods are converted by 
digestion into sugars, fats, and amino-acids, in which form they 
enter the blood stream. Our foods, then, fall into three classes, 
though most of the things we eat are mixtures of all three. 

First arc carbohydrates (p. 614). These are changed into simple 
kinds of sugar (chiefly glucose) by digestion. Sugar and starch 
are the important carbohydrates. They include allsweet and starchy 
foods; bread, cakes, potatoes, rice, honey, sugar are all carbo- 
hydrate foods, though all except pure sugar contain a little protein. 

Fats are familiar enough. Butter, oil, and the fat of meat are 
obviously fatty foods, and most cakes and almost every cooked 
dish contain fat. 

Proteins are chiefly contained in the “lean” of meat, in fish and 
eggs. Seeds like wheat, peas and beans contain a fait proportion. 

The body uses carbohydrates chiefly to produce glucose which 
is the energy-producer of the body. Fats are also energy producers. 
Proteins are necessary to make the amino-acids which we build 
into otlier proteins, which are the chief substances from which out 
bodies are built. 

Surveying the problern, the chemist does not so much wonder 
at the complexity of the digestive organs, as at the fact that the 
task of turning foods into flesh can be done so rapidly and with- 
out the use of high temperatures or powerful reagents. The 
chemist can break down food into simple molecules in much 
the same way as the body does. He cannot, however, build the 
simple molecules up into complex proteins. 

All the breaking down of food in the body is done ^ combining 
it with water. Thus, starch is a long string of twenty-five or more 
glucose molecules, each lacking two hydrogen atoms and an 
oxygen atom. By combination with water it breaks into smaller 
and smaller lengths. It first of all forms the fairly large molecules 
of the gummy substances called dextrins, then pairs of linked 
glucose molecules which are the sugar “maltose,” and finally 
single molecules of glucose. 
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All sugars are broken down by the action of water into simple 
sugars of formula CgHuO,; not, however, always identical with 
glucose. 

Fats are broken down in much the same way. If we write 
the formula of stearin and that of three water molecules, we can 
see that water will split it into glycerine and a fatty acid. (p. 628) 


CH »0 CO— CijHas 

I H OH Water 

Fat CH.O CO— C17H35 

I H OH Water 

CHgO CO— Ci^Hsj 

H OH Water 


T 


CHgOH 

1 

HO.CO.C^Has 

1 

CH.OH 

1 

HO.CO.C^Hgs 

1 

CH2OH 

HO.CO.C17H35 

Glycerine. 

Stearic acid. 


Finally, proteins are broken up in tliis way. The formula 
on p. 634 represents the sort of linkage in a protein (R being one 
of many “groups” of atoms). 

So it is clear that water and food are the only necessary 
nuterials for digestion. But water alone actually only breaks up 
foodstuffs extremely slowly, if at all. So, the body manufactures 
“catalysts” (p. 570) which have the power of making thousands 
of times their weight of food and water rapidly combine and break 
up again into simple molecides. 

These catalysts we call etr^mes: they are probably colloidal and 
may be proteins: no one knows why they act in this remarkable 
way. It is not certain that any enzyme has been obtained perfectly 
pure as yet. 
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Spiral Nebula. (By courtesy of Cl rear Nebula in Andromeda. An island universe. 

Tlje Mount Wilson Observatory, ^{5^. courtesy of I’lie \’erkcs Observatory, W isconsin ) 

California.) 





L ... 

A portion of one of the giant chromosomes of the salivary glands 
of Drosophila. One or more of the bands probably correspond to 
each hereditary factor. (Hy courtesy of Messrs. Julius Springer, 
Berlin, and Herr Klaus Patau.) (Greatly magnified.) 
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HOW PROTEINS AND WATER ARE SPLIT INTO AMINO-ACIDS 

(The process actually proceeds by several stages) 
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The digestive organs make a number of these, each with a 
particular job. The saliva contains salivary amylase, which 
starts to turn starch into maltose. The stomach supplies chiefly 
pepsin which breaks down the big protein molecules into smaller 
units. The pancreas supplies an enzyme, trypsin, which further 
breaks down proteins to smaller units still and, amylase, which 
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Fig. 449. — The digestive system spread out to show the course 
of the food. 
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turns starch into malt-sugar, and lipasty which splits £its into 
glycerine and fatty acids. The intestine secretes an enzyme, 
mpsin, which finishes the smashing up of the protein molecules 
and also three ferments, imertase, mcAtast and lactase, which 
break up cane sugar, malt sugar, and milk sugar into their 
simplest forms. It also supplies some lipase for fat-splitting. 

Water and these nine enzymes ate the tools used by the body 
to tear its large foodstuff molecules into units which it can build 
up into its own substance. 

Bull’s muscle (beef) differs from man’s muscle chiefly in the 
way the small amino-add units are arranged to make its vast 
protein molecules. When we digest beef, we split up its protein 
molecules and rebuild the fragments to make ours, in the same 
way that we might pull down a factory and build a cinema 
widi the bricks. Enzjrmes are fussy about the conditions under 
which they work. The digestive apparatus of the body is designed 
first to provide the enzymes, then to give the right conditions 
of time, warmth, addity, stirring etc. to make the enzymes work: 
then finally to absorb the products of digestion and send diem 
to the parts of the body which can deal with them. 

Look at Fig. 449, which shows the whole digestive system very 
much spread out. Fig. 450 gives a better notion of how it is fitted 
into the body. It is a tube with one opening at the mouth and the 
other at the anus. Nothing can get into the blood stream from 
the tube except through its walls. Its contents are really 
outside the body and an internal wound which lets the contents 
escape into the body is a very serious matter. Let us now follow 
a meal of roast beef and cabbage and potatoes through the body. 
The meal contains protein (musde fibres etc.), fat, carbohydrate 
(potato-starch) and some cellulose (in the cabbage and potato- 
cell walls): so it is really representative of food in general. 

The food is taken into the mouth and chewed. The fact of 
taking anything savoury into the mouth sends a nerve message 
via the brain, causing ^e salivary glands to pour out a liquid 
which is nearly all water with a little salt and a little of a starch- 
digesdng enzyme. Qiewing breaks food up into little fragments: 
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these possess a much 
/' \ bigger surface than 

( ^ ] large lumps and, 

( a since the digestive 

Salivaru (Hands' Phariinr . . 

— ( juice can only get at 

„ // the surface of food, 

Claaicle 1 '. / f ~ r - - , . , . - 

/ xoesopAfljti/s chewmg makes It far 

\ more easily diges- 

tible. The salivary 
glands deserve a 
word, for^ glands 
'h^^stomch which “secrete” a 

j \ . liquid are somewhat 

I Duodenum alike. Thfiv are 

vv.ir« t—f I r 'Vt vA r ^ • 

I r -- ‘I X\ — -Small Intestine masse&;_ of tissue 

consisting of a 

Apnendin \ “tree” of fine tubes 

(Fig. 451). The outer 

I “twigs” of these 

II tubes are lined with 

, I \ I cells which build up 

Fig. 4 jo. — ^Showing the digestive system in place in the emqrme amylase, 

body. » B 1 K 

cells which secrete 

slippery mucus which assists in the swallowing of food. >^en a 
nerve message informs it that saliva is required, ihe cells- send 
quantities of water and dissolved amylase down the “liranchcs” 
into the larger “trunks” or ducts which open into your mouth. 

Swallowing food is an intricate business. Between.- your 
mouth and your gullet is your windpipe and it is most undesirable 
that food should get into this. Quite a complicated series of 
movements are needed. First, the chewed food is rolled into 
a ball and by lifting the front of the tongue, the ball is shifted to 
the back of it and then thrown back, so that it hits the back of 
the throat, which has a nerve connection which sets a number 
of difierent actions going. The nose is closed by the soft palate, so 
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Fig. 451. — ^The microscopic structure of some parts of the digestive 
system. 

SALIVARY GLAND. M, mucus-secreting cells; S, enzyme secreting 
ceils; D, D, ducts. 

STOMACH. S, mucus-secreting membrane; G, tubes lined with cells 
secreting enzymes (pepsm); C, layer of circularly disposed muscle fibres; 
M, l^et of longitudinally disposed muscle fibres. 

LIVER. P, branch of portal vein; H, branch of hepatic vein; L, lobule 
of liver cells; D, branch of bile duct. 

PANCREAS. G, cells secreting enzymes; D, branch of duct; L, islet of 
Langerhans producing insulin. 

SMALL INTESTINE. V. villi absorbing food products; C, cells 
secreting enzymes; black dots, mucus-secreting cells. 


that food cannot get into it. The soft front part of the throat in 
front of the tonsils closes round the food like a pair of curtains 
and so prevents it going back to the mouth. Ihe voice-box is 
closed and breathing prevented, so that food cannot enter the 
lungs. The epiglottis (visible in Fig. 459), a flap of tissue behind 
the tongue, which forms the front edge of the beginning of the 
gullet, is pulled over the windpipe and so guides the ball of 
food into the top of the gullet (oesophagus). This is a muscular 
tube which automatically swallows 
anything that touches it. Swallowing 
is a “peristaltic” wave which should 

be understood because it is the only f,g. 451.— Peristaltic motion. 
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way in which food is moved along the alimentary canal. The 
ball of food is propelled down to the stomach by the gullet 
relaxing in front of it (A) and contracting behind it (B). 

At the end of the gullet lies the stomach, but its entrance is 
closed by a muscular ring which opens to let food in but prevents 
food going back up the gullet. 

The stomach is a very variable organ. When empty, it is 
hardly more than a tube, but it can fill out to a large bag. Fig. 449 
shows its shape when fall. The semi-solid chewed food collects 
in the near end of the stomach and for a time the saliva splits up 
the starch in the food. But the stomach, when stimulated by the 
distension with food, starts to contract. 

Waves of contraction gently and rather slowly thrust the food 
forward. As soon as you sat down to the meal, the stomach 
received news from the brain of an impending job and started 
to produce its own secretion “gastric juice.” It is lined with cells, 
which ate illustrated in Fig. 451, and which produce gastric 
jmce and mucus. The gastric juice is mostly water but contains, 
firstly, two enzymes, pepsin and rennin and about of hydro- 
chloric acid, without which pepsin will not do its job of splitting 
protein molecules into smaller but still quite large fragments. 
Rennin’s task is to coagulate milk. The “rennet” used to coagulate 
milk for making junket is an extract of calves’ stomachsl The 
food is churned in the stomach for a long time — two to five 
hours. At the end of this time, most of the insoluble protein 
of the meat has been changed into a solution of somewhat 
simpler molecules (peptones). About a half of the potato-stardi 
has been changed to malt sugar. The fat has been melted and 
has been churned into small droplets, but otherwise not affected. 
The stomach then forces this liquid through another “gateway” 
— the pylorus — into the small intestine. 

In die stomach, the food is made very acid, presumably, in 
order that the pepsin can start the breaking up of protein mole- 
cules. But in these acid conditions, the fats, star^ and sugars 
cannot be broken up. Accordingly, when the food passes into 
the zo foot tube of the small intestine, a new type of ^gestion is 
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started. The wall of die intestme pours out an alkaline liquid 
containing several enzymes. The large gland, called the pancreas, 
also discharges an alkaline liquid containing enzymes. This 
neutralises the acid from the stomach and starts a new type of 
digestion. At the same time , the liver sends a supply of the green- 
ish or yellowish liquid “bile.” Bile is produced by the liver, 
partly as a way of getting rid of waste products which the liver 
removes from the blood: but it has a most useful function in 
digestion. It lowers the surface tension (p. 90) of fats tremen- 
dously and so allows the watery liquid digestive juices to wet the 
fatty surface and so digest it more quickly. 

The result of the action of water, aided by the enzymes, is to 
turn all the carbohydrates into glucose and simple sugars like 
it, all the fats into glycerine and fatty adds, which in presence of 
bile are appredable soluble in water. The proteins give soluble 
amino-adds. So, everything in the food is dissolved in water 
except what cannot be ^gested. The chief thing which we cannot 
digest to any appredable extent is cellulose, the cell-wails of 
plants. This passes on unchanged. 

All this time, the intestme has been actively moving. Either 
it sends peristaltic waves (Fig. 452) to push the liquid along or 
it chums it by “segmenting.” A length of intestine, divides it- 
self into lengths, like a string of very plump short sausages. Ten 
seconds later, it unsegments and then constricts itself again, so 
that the narrow places come where the wide ones were before. 
This stirs the liquid. 

All the while digestion is going on, the cells lining the small 
intestine have been absorbing the liquid digested material. The 
small intestine, in order to do this more efHdently, has its surface 
lined with tiny fingers called “villi” (Fig. 45 1) which give it a 
velvety appearance. This obviously makes the surface much 
greater and allows more cells to join in the work. Let us leave 
for a moment the remarkable way in which they dispose of their 
captivesl 

The material, robbed of nearly all the soluble products of food 
stuffe, gets to the end of the small intestine in some three-and-a- 
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half houts from the time it left the stomach. Hete, it meets a 
valve which opens at short intervals, letting the liquid into the 
large intestine. 

The large intestine runs up the right side of the body, across 
the front and down the left side to the exit. It does almost 
nothing in the way of digestion except to recover the water from 
the material that enters it. The large intestine is also a vast city 
of bacteria. These are not present in the stomach, which is too 
acid for them. They are present to some extent in the small 
intestine, but the large intestine abounds in themi We discharge 
daily from our intestines about 4X10^® bacteria — twenty 
thousand times as many bacteria as there are people in the world. 
It is a disputed point whether the products of these bacteria are 
harmful to us; ^ey certainly produce poisonous substances and 
these pass into the blood: however, those chemical watch-dogs, 
the Uver and kidneys, seem to get rid of them easily. A few 
individuals are apparently free from these bacteria. They do not 
seem to be the better for it: they are, in feet, usually constipated. 

Return to the small intestine. It has gathered, by means of 
the cells which line it, a supply of the amino-acids, sugars and 
fatty acids from the digested food. Everything the cells pick up 
(except the products of fat which are differently dealt with), goes 
into ^e capillaries and is thus carried by the blood stream to that 
remarkable organ, the liver. 

The liver receives all the blood from the intestines via the portal 
vein. This breaks into very fine capillaries which ramify through 
the liver cells and rejoin to form the hepatic vein whidi carries the 
much-altered blood to the heart. The liver, in addition to trans- 
forming the digested foodstuffs, secretes bile and so it is permeated 
by branches of the bile duct which leads to the intestine. 

The meal we have digested contained carbohydrates — starch, 
sugar, etc. Digestion broke these down into the simplest kinds 
of sugars, glucose, fructose, and galactose (all with six carbon 
atoms). These are absorbed and sent to the liver. The liver 
does the reniarkable chemical feat of turning all these into 
glucose, which it transforms into the “animal starch” glycogen. 



Hon/ a Man Works 


873 

This is stored up in the liver until si supply of glucose is wanted 
for energy production (p. 8 3 6). The liver keeps the glucose in the 
blood-stresun always at about 0.1%. If there is more glucose in 
the blood, the liver turns it into glycogen. If there is less glucose, 
the liver makes it from its glycogen store. 

Glycogen is absolutely necessary for the work of the body: the 
liver can make it from proteins if the food does not contain 
carbohydrates: in starvation, it can actually make sugar from the 
body’s own proteins. In order that sugar shall be turned into 
glycogen minute quantities of a chemical substance which we call 
insulin must be present in the blood. This is made in the islets of 
Langerhans, little patches of tissue scattered about the substance 
of the pancreas (Figs. 451, 434). The diabetic patient either 
produces little or no insuUn or requires exceptional quantities of 
it. Consequently, glucose is not turned by him into glycogen, but 
accumulates in his blood until his kidneys remove it. He therefore 
passes sugar in his urine instead of storing it as glycogen. One of 
the greatest medical discoveries of the century was that diabetes 
can be largely controlled by injections of insulin, extracted 
from these "islets.” Unfortunately, it is expensive — for the 
manufacture of it is difiicult — and patients dislike having in- 
jections at intervals of a day or so. But instead of dying of 
diabetes, most of those who have the disease and take the trouble 
to carry out the treatment can live. 

The proteins in the meal were all turned to amino-acids which 
dissolve and also pass via the cells of the intestinal wall to the 
blood stream and so to the liver. Some of these are turned into 
glucose in the liver. Their nitrogen is changed to urea and is 
excreted by the kidneys and the carbon andhydrogen and oxygen 
portion is changed into glucose. The rest of the amino-acids con- 
tinue to circulate in the blood and are built up once more into 
the proteins of the body’s cells. 

It used to be a complete mystery as to how the various cells 
built up amino-acids into proteins. It is sdll very diffrcult to 
understand: it appears that a protein molecule contains several 
hundred amino-acid molecules linked together. Probably each 
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animal has a different linkage-arrangement for each of its proteins. 
The cell, then, must have some arrangement for ensuring that the 
amino-acid molecules link into chains in the right sequence. 

The interesting discovery has recently been made that digestive 
enzymes work both ways — ^that with much water present, they 
split proteins into amino-acids, but widi less water present, they 
will turn amino-acids into proteins. Pepsin will turn thousands 
of times its weight of egg-white into a mixture of simpler soluble 
compounds: if this mixture is concentrated by evaporating some 
of the water, pepsin will then turn it back into a protein “plastein” 
very much like egg-white. 

Plastein, however, is not egg-white, and probably some other 
enzyme than pepsin is used by the cells which build up egg-white 
in the hen. It is remarkable that the body does nearly all its com- 
plicated chemical changes by means of enzymes. We have not yet 
found out what an enzyme is: we have really no idea why it works, 
and the lack of this knowledge is our chief obstacle to under- 
standing the working of the body. 

Carbohydrates in the diet, then, go to make glycogen for energy 
purposes: proteins partly to make glycogen and partly to build up 
tissue proteins. Fats, like carbohydrates, are energy producers. 

We left fats in the intestine split into glycerol and fatty acids, 
which in presence of bile dissolve appreciably in water. The fatty 
adds and glycerol didiise into the cells of the intestine’s wall; 
there they combine again and form tiny drops of fat. These arc 
taken up by white corpusdes (lymphocytes) which transport 
them through the ceil into tubes called lacteals. The lymphocytes 
then break up and liberate the fat, which appears as a sort of milk 
of fine droplets suspended in lymph. This liquid “chyle” travels 
through a network of tubes and finally passes into the great 
veins at the bottom of the neck and so enters the bloodstream. 
The fat in the blood is partly deposited in the tissues generally, 
and also in spedal deposits of fat-cells. 

Fat is the chief storage-material in the body. When the reserve 
is drawn upon, fat is oxidised like sugar, to produce energy, but it 
is not well understood how this is done. 
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DIBT AND VITAMINS 

Any ordinary mixed diet contains siiiHcient protein, car- 
bohydrate and fat for ordinary needs. It also will usually supply 
the mineral salts which the cells of the body require — common 
salt, calcium salts, iron salts, etc.: of these, calcium is the most 
likely to be lacking. 

One of the most interesting discoveries of recent years is that 
the body cannot continue to nourish itself without very minute 
amounts of certain substances which it cannot make for itself. 
These substances have been named vitamins. The story of the 
disease scurvy very well illustrates the effect of the lack of a 
vitamin. In the time before steam shortened sea voyages, it was 
not uncommon to be six months at sea. The food of sailors was 
salt meat and biscuit — often very bad, but none the less, contain- 
ing the necessary protein, carbohydrate and fat. On very long 
voyages, the remarkable disease of scurvy very frequently 
developed. Pains in the bones of the leg about the knee joint, 
bleeding from the gums and from the intestine and bleeding 
under the skin (giving rise to spots) reduced the men to the 
condition when they could no longer work, and even caused 
death. It was discovered that lemon juice, fresh vegetables, etc., 
cured it in an absolutely remarkable manner. The disease is now 
only found in babies who have either been fed on artificial foods 
of which the vitamins have been destroyed, or on cow’s milk in 
which the vitamin is often deficient. Modern mothers always give 
babies orange juice as a precaution. Some two hundred years 
after lemon juice had been in use for this purpose, organic 
chemists began to try to extract from the juice the stuff that cured 
the scurvy. They succeeded and called it vitamin C. Later, they 
found out exactly what the stuff was, and the pure vitamin was 
actually made artificially. 

The structure of its molecule is shown in Fig. 455: this shows 
it as related to the sugars. It is believed that this vitamin is 
requited in order that the red blood-corpuscles should be formed 
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O hydrogen atom 
^ oxygen atom 


Fig. 453. — ^The molecule of Vitamin C (ascorbic acid): note 
the general likeness to a sugar molecule (Fig. 367). 


in the marrow, but bow it causes this, no one can conjecture. The 
amount of vitamin C, and indeed, of any vitamin requited by the 
body is eacttemely minute. 

There ate certainly five and probably mote of these vitamins, all 
of which we need if we ate to develop properly and be properly 
nourished. 

Vitamin A is found in minute proportion in animal fats, milk , 
butter, cream, beef-fat and pardcularly cod-liver and halibut- 
liver oil. It is not found in vegetable fats. A diet which lacks this 
substance causes changes in the eyes. Tears ate no longer pro- 
duced and the outer surface of the eye becomes dry and inflamed; 
complete blindness may be the result. Changes in the membranes 
of the intestines and lungs also occur. This disease xerophthalmia 
(or “dry-eye”) is almost unheard-of in Europe. But in Japan, 
where very li^e ixt is eaten, it is not uncommon. Denmark in 
the war of 1914 — 191 8 sold her butter and fats at famine prices to 
the combatants, while her own people lived on margarine and 
skimmed milk. The result was outbreaks of xerophthalmia. The 
molecule of Vitamin A is practically a half-molecule of carotene 
(the orange pigment found in carrots and in many red and 
yellow flowers) with a hydroxyl group on the broken end. 
Conq>are its formula given below with the formula of carotene, 
(p. 6oz). Its action seems to be to protect delicate areas like the 
lungs and eyes from infection. 

Vitamin B is probably a mixture. It is found in most food- 
stuffs, but particularly in yeast. It is present in the husk and the 
germ of se^s like dee and wheat but not in the starchy portion. 
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Now, many people prefer food which looks nice to food which .is 
valuable: they like their bread or rice very white! In countries 
where polished rice without husk or germ is almost the whole 
diet, the disease beri-beii occurs. This is a nerve disease with 
weakness and tenderness in most parts of the body. In other 
countries where maize is the staple cereal another unpleasant 
disease, pellagra, occurs which can be cured by the use of yeast 
or plenty of lean meat. In England, where meat and milk are 
part of most dietaries, neither pellagra or beri-beri are any- 
thing but rarities. 

Vitamin C prevents scurvy — we have already discussed it. 

Vitamin D is necessary for the proper formation of bone. 
The disease of rickets used to be very common. It affected 
children only. To-day, it is hard to find a well-developed case 
of rickets, although the early stages are common enough, a fact 
much to the discredit of our social system. 

Vitamin D is found in most fats — except vegetable ones — 
cod-liver oil is rich in it. The pure vitamin can be made by 
exposing ergosterol, a substance found in many fats, to ultra-' 
violet light. It had been noticed that rickets was a town disease 
and was worse in winter than in summer: this suggested that 
light had something to do with it, and sure enough, exposure 
to ultra-violet light or to country sunshine (in big towns, the 
smoky air filters out all the ultra-violet light) cured the disease 
entirely. It was thus discovered that ultra-violet light acting on 
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the skin, turns the ergosterol^ in the £it of the skin into vitamin 
D. It seems that vitamin D is needed in order that the calcium and 
phosphorus needed to build bones shall be taken up by the bowel 
from food. 

“Vitamin E,“ contained in wheat germ and in many plant 
tissues, is necessary in order that rats shall be able to breed. That 
its presence is needed for the breeding of man,isatleastprobable. 

These vitamins are quite as much of a puzzle as the rest of the 
chemistry of the body. Probably they ate “catalysts’* which 
speed up some chemical process. They seem to be much simpler 
substances than enz3rmes, which are also catalysts. It may seem 
odd that the body has not learnt to make these vital substances, 
but it would seem that only the unnatural diet of mankind could 
be seriously lacking in them. 

Enzymes and vitamins are alike in that a very minute amount of 
them will cause a great deal of work to be done. Rennin will 
coagulate two million times its weight of milk; vitamin D will 
keep a thousand million times its weight of children from getting 
rickets (daily dose about 0.03 milligrams). 

DUCn^SS GLANDS 

There is a third class of substances of which minute quantities 
are required for the working of the body. This includes the 
substances produced in the ducdess glands and called “hor- 
mones.” Ihe best-known glands, like the salivary glands, 
pancreas and liver, have an exit tube which carries the stuif they 
produce to the place where it is required. The ductless glands 
simply discharge the substance they make into the bloodstream. 
They are to be regarded as small chemical Victories where one 
or two special substances are made. 

There are at least six kinds of these glands. Fig. 434 shows 
where they are. The thyroid and parathyroids in the neck, the 
the adrenals (above the kidney) often known as suprarenals, 

^ Recent work indicates that some other substance than ergosterol may be 
concerned. 
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Fig. 454.«-Wheie the ductless glands aie to be found. The ductless 
glands ate shown in black: the othet organs indicate their position. It is 
not certain whether the pineal and thymus glands are true ductless 
glands. The pancreas is partly a ductless gland; (Islets of Langerhans, 

p. #7*). 


tdie pituitary body at the base of tbe brain, certain parts of the 
pancreas and the ovaries and testes all certainly act in this way. 
One or -two other organs such as the thymus and pineal glands are 
suspected of doing so. 

Let us start with the thyroid gland, which is H-shaped, and lies 
on each side of the windpipe (Fig. 4; 4). If the thyroid gland is 
completely taken away, the patient becomes sluggish and slow in 
speech, his temperature is low, and the tissue beneath his skin 
becomes thickened and swollen. He becomes almost unrecognis- 
able. Hiis condition is called myzoedema. It is completely and 
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rapidly cured by taking thyroid gland. An over-active thyroid 
gl^d produces the opposite effect — rapid action of the heart, 
rapid breathing and production of much heat. 

Gearly, then, the ^yroid makes something which speeds up the 
action of the whole body. This has now been identified, actually 
synthesised and given the name of thyroxine. Its formula is 

I H I H 

C=C C=C H H O 

/ \ / \ II II 

HO.C C— O— C C— C— C— C— OH 

\ / \ / I I 

C~C C— C H NH, 

I H I H 

It is tremendously potent. In the body, it will cause 250,000 
times its weight of sugar fuel to be burned in order to give 
energy. The most remarkable thing is that its molecule contains 
four iodine atoms. Now, iodine is hard to come by. Usually, 
natural waters contain a minute trace of it, and the body can 
collect enough iodine for its thyroxine. But in some parts of the 
world, iodine seems to be completely absent from the water. The 
inhabitants may then suffer from goitre (a swelling of the thyroid 
which enlarges in order to do its best) or much worse from 
cretinism. If a child has a defective thyroid gland or no iodine to 
make its thyroxine with, it becomes very backward and dwarfed, 
repulsive in appearance and often quite idiotic. These “cretins” 
canbecuredcompletely by thyroid extractif the child is treated soon 
enough, but once the damage is done, the treatment is less successful. 

Close to the thyroids are the parathyroids, two small glands 
which for years were only anatomical curiosities, but.whi^ are 
now known to be essential to life. These produce a substance 
which has not been identified, but is called parathormone. Its 
task seems to be to keep the proportion of the calcium in the 
blood correct; though how it does this is not known. If these 
glands are not working or have been removed, liie amount of the 
calcium in the blood drops and nervous twitchings and spasms 
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develop which may have fatal results. If the parathyroid glands 
are over-active — a rare disease — ^the calcium in Ac blood is 
increased, being taken from the bones which become softened and 
terribly deformed. 

The adrenal glands are two small bodies shaped like a cocked 
hat, and lying close to the kidney. Each is really composed of two 
glands. The adrenal gland has an outer coat or cortex, and an 
inner portion or medulla. The cortex is absolutely necessary to 
life, though it is not known what it produces. An overgrown and 
presumably over-active adrenal cortex causes precocious growth 
and sexual maturity. 

A great deal, however, is known about the “core” or medulla 
of the adrenal gland. It produces minute quantities of a substance 
called adrenine (adrenaline) which is quite a simple chemical 
compound — for a product of the body. It is a benzene derivative 


and can quite easily be made in the laboratory. Its object is 
Qjj simple — to prepare the body to meet an 

I emer^n^y and it is only in emergencies 
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that it is poured out from the gland in 
appreciable quantities. 

It seems to act directly on the organs 
without the mediation of the nerves, and 
produces a remarkable set of symptoms 
which may roughly be called lie symp- 
toms of the rage and fear which an 
animal may be supposed to feel when 


H.C.OH 


confronted with an enemy. 

The eyes protrude and are widely 


H.C.H 

I 

H.N— CHg 
Formula of adrenine. 


opened; the pupils are dilated. The 
heart beats more strongly and rapidly. 
Digestion ceases — soreleasing blo^ for 
the muscles which may be needed for 
combat or flight. The skin becomes 


pale because tiny capillaries have contracted and also sent 


their blood to the muscles. The spleen, which is a sort of 


reservoir of blood corpuscles, contracts and sends more blood 
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tiiat is to say that the neiirone is especially sensitive to stimulation, 
whether it be by the application of an electric shock or by Ac 
liberation in Ae body of some chemical substance, and that it 
responds to stimulation by conducting an impulse. The nerve 
impulse is a Asturbance propagated along Ae whole length of Ae 
neurone. 


Sensory fibre receiving stimulus 
1st Neurone 


(n) Axon 


(gl) Synapse transmitting im- 
pulse to and neurone 

Dendrites 

and Neurone 


Axon 


Fig. 455. — Nerve cells from the nose. The long axon-fibres (n) branches at the end 
and the branches intermesh (gl) with those of a second nerve cell. This intertwin- 
ing of branches is called a synapse and is the means of transmitting the impulse 
from one neurone to the next. (G^urtesy of Messrs. Longmans, Green & Q)., 
Ltd., from Schafer’s Essentials of Histobgy) 

The neurone consists of the nerve cell proper, a process called 
Ae axon emerging from one end of it, and oAer processes called 
dendrites which emerge from Ae oAer end (Fig. 455). The 
axon is, as a rule, much longer than Ae dendrites and is known 
as Ae nerve fibre. The lengA which a single nerve fibre can 
attsdn is shown by Ae fact that Ae nerve fibres which reach Ae 
skin m a man’s foot are Ae axons of nerve cells situated in his 
spinal cord at about Ae level of his kidneys: Aese single nerve 
fibres, Aen, are several feet long. 

The nerve fibre cannot live for long after it has been separated 




Hov a Man Works 885 

from its cell: the cell contains the nucleus and the nucleus is 
essential for the life of the cell and its processes: a cut nerve 
therefore dies, and though a new fibre may grow out from the 
cell, this takes a long time. A nerve fibre separated from its cell 
is, however, useful for studying the properties of nerve fibres. 
If the sciatic nerve of a frog is removed from its body, it can be 
kept alive for several hours. The nerve of a fnammal is more 
difficult to keep alive. 

To demonstrate the properties of the nerve fibre, the main 
nerve of a frog’s leg, the sciatic nerve, is dissected out. The 
action of the nerves can be shown by the fact that when this 
sciatic nerve is stimulated, the disturbance propagated down its 
fibres leads in some way to the contraction of &e gastrocnemius 
(calf) muscle. It is possible that the arrival of die nervous 
impulse at the junction between the musde and nerve (see 
Fig. 438) causes the liberation of a chemical substance, perhaps 
acetylcholine, which in its turn causes die contracdon of the 
muscle. Possibly however, the impulse of the nerve discussed on 
p. 887 is continued into the muscle. For our purpose, it is 
enough that when the living nerve is stimulated, the muscle 
contracts. It is useful to attach the tendon of die muscle to the 
lever of a myograph so that every twitch of die muscle may be 
recorded on a smoked cylinder, a process illustrated in Fig. 456 
and explained on p. 396 and below. 

The nerve may be stimulated artificially by snipping with 
scissors or by thermal or chemical stimuli, but such methods 
injure the nerve, and are not to be recommended. It is better to 
stimulate electrically, using an induction coil with a short- 
circuiting key in the secondary circuit. Two needle electrodes 
are arranged, touching the nerve (Fig. 45 6). 

The sciatic nerve is, of course, not a single nerve fibre, but a 
large number of fibres bound up within a common sheath. This 
experiment, however, gives a great deal of information about the 
single nerve fibre. Hie secondary coil is first arranged so that a 
very feeble current is given. There is no contraction of the 
muscle: such a stimulus which is too light to excite the nerve 
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Fig. 456.— a myogiaph as used fot the stutW of nerve impulses. The timing 
ariangements (left) ate desctib^ on pam 396. The induction coil supplying die 
stimttuting current is at the right-hand bottom comer. The muscle and nerve 
are mounted on the block at the top right-hand comer. (Courtesy of Messrs. 
C. F. Palmer (London), Ltd.) 

fibre is said to be below threshold. On gradually increasing tlie 
strength of the current, a strength is reached at which' the muscle 
responds with a faint contraction. This is the threshold of stimu- 
lation or rheobase. The time during which the current is allowed 
to act also determines whether or not it will stimulate the nerve. 
However strong the stimulus, it must be applied for a definite 
time if it is to be effective. The chronaxie of a nerve is the 
minimum time during which a current twice the strength of the 
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rheobase must be applied if the nerve is to be exdted. For a 
frog’s nerve it is about 0.003 secs. 

If the strength of the stimulus is increased, the contractions of 
the muscle become stronger until a level is reached at which no 
increase of the current will alter the extent of the contraction. 
The stimulus is now said to be maximal. 

The threshold stimulus excited one or a very few fibres in the 
big nerve trunk. An increasmg stimulus excited an increasing 
number of fibres until at last the stimulus was sufficient to excite 
every fibre in the trunk; this gave the maximum contraction. If a 
single nerve fibre had been used, there would have been no such 
Increase of contraction with single shocks of increasing strength; 
for the single nerve fibre follows what is called the all-or-none 
law. If a stimulus is sufficient to excite it at all, it responds to the 
best of its ability, no more and no less, just as the force with 
which a bullet leaves the muz^sle of a rifle has nothing to do witii 
the strength applied to the trigger. Either the force applied to the 
trigger is great enough to fire off the gun or it is not great enough: 
there are no half-way measures. The only way in which the 
stimulus can affect a single fibre is by determining tiie number 
of the impulses passing along it in a given time: but these factors, 
too, are limited by what is Imown as the refractory period of the 
nerve fibre. 

It has been shown that single nerve fibres follow the all-or- 
none law for a single impulse. The speed of the impulse, which 
may be as great as too yards per second in the nerve of a mammal, 
depends on the character of the fibre: the thicker this is, tiie more 
rapidly the impulse travels. Now a single nerve fibre follows the 
all-or-none law, so if our sense organs and our muscles were 
supplied by a single nerve fibre each we could not grade our 
actions: we could only hit a violent blow or none. Consequently, 
every organ is supplied by a big bundle of nerve fibres and the 
power of the reaction is accurately graded and controlled by the 
number of these that are working at a given time, and the number 
of impulses that pass along each nerve fibre in a given time. 

The nerve impulse can only be transmitted by a living nerve 
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fibre. It is probable that the cell-membrane of the fibre is a film 
with a neutral layer separating layers of positive and negative 

ions and that the trans- 


interior of Nerve Tibre 


Neulrel 'taits* of 
negative tone 


0 0 0 0 0 0 0 0^^itiv« potatslum Iona 

Positive ion layer 

Normal nerve- impulse passing-Normal nerve 

Fig. 4J7. — A method by which the netve- 
impulse may be ttansmitted. 


mission of the impulse is 
brought about by a suc- 
cessive disturbance of the 
layer, allowing the posi- 
tive and negative ions to 
meet. This disturbance 
first occurs where the 
nerve is stimulated. A 


wave of depolarisation — breaking down of the layer — travels 
along the whole length of the fibre. When the layer is quite 
broken down, the nerve is absolutely refractory and quite 
inexcitable; the return of excitability is due to the rebuilding of 
the polarised film; when that film has been rebuilt, the process 
of breaking down can occur again. 

The transmission of the nerve impulse, then, is a vital process, 
demanding the use of energy for its rebuilding: nerve that is 
transmitting impulses uses more oxygen than an inactive nerve. 
Thus, while the nervous system may be compared to a telephone 
system, a strict comparison of nerve fibres to telephone wires is 
quite unjustified, for the nerve fibre conducts the impulse at the 


erpense of a breaking down of its own structure: not until that 
structure is restored can it transmit another impulse. 

The nerve fibre normally receives the stimulus which sends the 
wave of depolarisation along it from another nerve-cell or from 
an end-or^. 


THE senses: touch, taste and smeel 

We usually speak of five senses, touch, taste, smell, hearing and 
sight. Each of these is experienced by an organ, the sensitive 
part of which is the end of a nerve. Tlus classification into five 
senses is not enough. Under touch, we really group several 
senses. We can feel a thing in several different ways. Actually, 
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the light touch of a feather, the sensation of heat, the sensation 
of cold, the sensation of pressure (as when a finger is firmly 
pressed on the skin), the sensation of pain, are all felt by different 
organs. Moreover, we have a sense which tells us how our limbs 
are arranged. If your eyes are shut, you can tell whether your 
elbow is bent or straight. It is this same sense that enables you 
to touch your nose with your eyes shut, a faculty which dis- 
appears in certain diseases! There is a sense, too, which tells us 
whether our muscles are pulling or slack; one can feel how hard 
one is pulling on a rope. Finally, there are a number of vague 
sensations of well-being or ill-being which come from our 
internal organs. 

Fig. 458 shows some of the touch 
organs. The simplest of all are nerve 
fibres which branch and wind among 
tlie cells of the deeper layers of the skin. 

These feel pain only. They are found all 
over the skin so close together, that it is 
difficult though not impossible to thrust 
a fine needle into the skin without causing 
pain. The inside lining of the eyelids has 
these end-organs only. Consequently, it 
cannot feel touch but only pain. Most 
membranes have these endings but solid 
organs have not. Thus, it is possible to 
cut the liver or even the greater part 
of the brain without causing any pain. 

Pain, from a disordered organ, is felt only 
in the membrane of the organ or the 
outer skin, either over the organ or sup- V 
pUed by nerves communicating with its 458._The otgan« 

nerves. Thus stomach pain may be felt of‘‘touch”mthc8kin. 
in the shoulder-blade and heart-pain in the 
left arm! Light touches are felt by special organs, the Meissner’s 
corpuscles which have nerve-endings spirally coiled round abulb. 
Hairs, though quite insensitive, act as very delicate touch organs. 
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Round dieit toots ramify nerve fibres which detect the faintest 
motion. A cat’s whisker is a long strong hair equipped with 
specially elaborate nerve-endings. 

One naturally thinks that all one’s skin is equally sensitive 
to touch, heat and cold. Actually, by searching its surface with 
a fine hair or a hot or cold needle, it is found that it is a mosaic 
of spots, some sensitive to touch, others to heat, others to cold. 
The heat and cold feeling organs have not been certainly identified. 

The Pacinian corpuscles feel pressure. They are bulbs very 
• like an onion with a nerve fibre in the middle. They are found 
in the skin and also in the membrane of the joints and elsewhere. 
They feel pressure and, in the joints, this sensation of pressure 
tells us where our limbs are. 

The muscles have nerve-endings in them branching along the 
fibres. Tendons have rather similar organs. These tell us whether 
our muscles are contracted or extended, and whether they ate 
tense or loose. The muscles which execute most delicate and 
controlled movements — eye, tongue and hand — have the 
greatest number. 

Touch and its allied senses are very delicate. Put your hand 
in your pocket and pick out a halfpenny from a penny or a 
shilling. A complicated mixture of feelings of smoothness (true 
touch), weight pacinian corpuscle), shape (position and move- 
ments of the fingers tun over it), give us a very good picture of it. 
To realise what touch can do, read about Helen Keller, who, with 
almost no other sense, was educated to do far more than hold her 
own with those who had the sight and hearing she lacked. 

Taste is a chemical sense which resides in peculiar end-organs, 
“taste-buds,” in the tongue. There are only four kinds of taste, 
sweet, bitter, sour and salt. The taste of roast mutton or asparagus 
is almost purely a smell. The best witness of this is the fact that 
a really bad cold makes food tasteless. A man whose nose is 
closed cannot tell a piece of onion from a piece of apple, by 
taste, as long as he does not see it. Substances must be dissolved 
in water to be tasted. Taste is duefly useful as a warning against 
poisonous but odourless materials. 
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Smell is very poorly represented in man. It is a commonplace 
that a dog can guide itself and recognise its master’s belongings 
by smells which we cannot even begin to detect. None the less, 
even Man’s sense of smell is very 
delicate. A piece of musk will 
scent a room and it is said that a 
chemical balance will not detect 
the weight it loses in a day. 

then, it loses io~* gms. 
a day. The nose detects the smell 
in about j ccs. of air the room 
contains 75,000,000 ccs. One 
therefore can smell 6 x io~'® gms., 
six billionths of a gram of musk. 

No chemical test would detect 
this quantity, though it repiesents 
a goodly number of molecules. 

The organs of smell are the nerve 
endings of nerve cells which send 
fibres through pores in the bone 
of the roof of the nose-cavity 
into the brain. 

THE EAR 

Human beings have specialised 45?-— (Atove) Section of hwd 

in dehcacy of touch, hearing, and thtough pe^ration in the bottom 
above all sight, though probably “btain-bM” and ending in 

some ammal excels us in each of (Below) Left, organ of taste in the 

these. Our hearing is probably toi^e, netye Ib^ represented 

, 1 T r 1 ® heavier line. Right, organ of 

notnearly SO acute as that of many smeii((^. Fig. 455). 

animals, but we have developed 

discrimination between and understanding of sound signals in the 
form of words and music to such an extent that our brains have had 
to develop a large auditory and speech-receiving centre (Fig. 480) 
to cope with the use we make of out ears. 
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The ear is a combination of two organs, a sound-detector and 
a balancing organ. 



The sound de- 
tector consists of 
an amplifier and 
a detector pro- 
vided with hun- 
dreds of “detector 
units,” each sensi- 
tive to a particular 
note. Look at 
Fig. 460. A com- 


F1G.460. — Section of the ear. pression wave 

from the air out- 


side may be concentrated by the outer ear (pinna), though 
in man this has probably very little effect. It travels down 
the opening we see in the side of the head and drives the ear- 
drum (tympanic membrane) inwards. Three small bones hinged 
together (auditory ossicles) transmit this push to the smaller 
ear-drum of the inner ear. All the energy given to the big drum 
goes to the little drum, so if its area is a tenth of that of the big 
dnun, it will vibrate ten times as strongly. The bones work in an 
air-fiUed chamber called the middle-ear. This has a tube leading 
to the throat. The object is to keep the air pressure in the middle 
ear the same as that outside it. If one goes down a deep lift-shaft, 
one feels a fullness in the ears. The pressure outside has risen and 
is forcing the drum inward. If one then swallows, the eustachian 
tube opens and the air passes in and equalises the pressure. 

The little drum is a window in a chamber ^11 of fluid and 


hollowed out of the bone of the skull. The vibrations of the 


drum set the fluid vibrating too. The chamber contains a bag 
of fluid (black in the diagram) which is coiled at one end like a 
snail’s shell. This is the essential organ of hearing. In Fig. 461 
you see this enlarged. The parts marked scala mtibuU and sc/da 
tympani are filled with the outer fluid: the part marked cochlear 
canal is a continuation of the inner “bag.” Now the cochlear 
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canal has a sort of spiral piano-keyboard of nerve fibres (organ 
of Corti), There are five or six thousand of these nerve fibres 
only one of which appears in the lower part of Fig. 461; probably 
each is so arranged that it responds to a particular rate of vibra- 
tion. Physiologists are not agreed about this: however, it is 
certain that the sound throws the fluid in the cochlea into 
vibration and that the nerve fibres in the cochlea detect these. 


The ear is, in fact, a 
very sensitive and accu- 
rate scientific instru- 
ment. A really trained 
ear will detect, it is 
said, a difference of 
semitone in pitch. If 
the note was C', this 
would represent the dif- 
ference between 5 1 z and 
5 1 2.73 vibrations a 
second. Even if we 



doubt this degree of 
accuracy, the car re- 
mains wonderfully 
delicate. Its power of 
analysing complicated 
vibrations is extra- 
ordinary. That it can 
pick out a violin or 
flute from the hundred 
or so different simul- 
taneous vibrations of 
an orchestra is extra- 



Fig, 461. — (Above) Vertical section of the coch- 
lea. Bone is shown dotted; auditory nerve 
black; white spaces arc filled with fluid. (Be- 
low) a portion further magnifled. 


ordinary and not explained. The perception of direction of sound 
by the ear is also not easy to imderstand. Actually, sounds 


straight in front of one are easily confused with sounds from 
behind. The direction of a sound is perhaps spotted by the 
difference in the loudness of the sound in each ear. I have a left 
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ear which cannot hear the faint ticking of a watch. In the dark, 
I hear my watch ticking on my tight, though it is actually on a 
table at Ae foot of the bed. It has also been thought that the 
direction is detected by the fact that a sound wave (e.g. on the 
right), reaches the right ear before the left. 

The inner ear contains a totally different organ — the labyrinth — 
which tells the brain the position of the head and the way it is 
moving. A man or animal keeps itself in the usual upright 
position, because the labyrinth signals the beginning of any 
imdesirable change from it and the brain-centres send a nerve- 
message to the muscles causing them to correct it. It is possible 
to remain upright and steady without a labyrinth as long as 
one can see where one is and feel one’s feet on the floor, but a 
man who has no labyrinths, when supported in water in the 
dark, has no idea whether he is head up- 
ward or head downwardi The labyrinth 
consists of three semi-drcular tubes full 
of fluid with a bunch of nerve fibres 
projecting into each. One tube nms hori- 
zontally, the other two vertically and at 
right angles to each other (Fig. 462), so 
that any acceleration or turning move- 
ment will set the fluid moving in one 
canal, so exciting one of the bunches of 
nerve fibres. If you spin round and round, 
the fluid in the labyrinth turns with you to 
a great extent; if you then stop the fluid goes 
on turning. This violently and unnaturally 
stimulates the nerves and the posture 
muscles are sent a disturbed and confused 
message: equilibrium is lost, you feel giddy 
and may fall. The queerest experiment — a very unpleasant one — ^is 
to inject cold water into the outer ear. This cools Ae bone and sets 
up convection currents (p. 108) in the fluid in the labyrinths. 
Instantly, all the symptoms of giddiness and nausea set in and the 
subject may fall helpless. The “saccule” (Fig. 462) contains 



Fig. 462. — ^Modd of the 
labyrinth, 'fhe three 
semi-circular canals C 
are in planes at right 
angles to each other. 
The otolith is at the 
bottom of the saccule at 
O. The flat surfaces arc, 
of course, imaginary! 
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another organ, the otolith, which tells which way gravity is 
pulling. The otolith is simply a small mass of gelatinous stuff, 
containing a good deal of chalk, with nerve hairs embedded in it. 
If you are upside-down, the otoliths pull on the nerve-hairs: if 
you are rightway up, they press on them. In this way, the brain is 
informed how the head is situated even when it is kept still. 

These otoliths are possessed by fish and by simpler creatures 
such as shrimps. Some shrimps lave a simple cavity with nerve- 
endings and a loose grain or two of sand to act as an otolith. 
But they moult the sldn of their balancing organs with the rest of 
their shell and skin, and they then put another grain of sand into 
the new empty cavity. An ingenious biologist provided the 
newly moulted shrimps with iron filings instead of sand. He then 
suspended a powerful magnet over the tank. The iron filings 
were drawn upward instead of falling downward, and the shrimps 
consequently all swam upside downl 

THE EYE 

The eye is for man at least the chief avenue by which im- 
pressions reach his brain. The blind are more handicapped than 
the deaf, while the few people lacking taste or smell can conduct 
their lives without their friends noticing the difference. The 
various touch-senses are hardly ever lost except in paralysis. 

The eye is a camera. It has a lens, a stop and a sensitive screen, 
and an arrangement for focussing objects at various distances. 

As an optical instrument, it is imperfect, for it only focusses 
a sharp picture on one small area. The rest of the picture is 
blurred and indistinct. Fix your eye on a word in tlie middle of 
this page. Ifjou keep your tye still you can only read the two or three 
lines above and below it — the rest is blurred. When you scan a 
whole landscape, you unconsciously move your eyes so that each 
piece is focussed in turn on the “yellow spot” where focussing 
is sharpest and sensitiveness is greatest. None the less, the eye 
is a marvellous production, when it is considered that it is made 
from jelly-like proteins, not rigid metal and glass. The outer case 
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of the eye is a ball 
about an inch in dia- 
meter with a small 
rounded projection at 
the front, the cornea. 
The “case” is made up 
of three layers; outer- 
most is the sclerotic or 
“white of the eye” 
with the transparent 
cornea let into it like a 
window. lining the 
sclerotic is the choroid, 
a layer of nourishing 
blood-vessels and pigment cells which give a dark backgroimd: 
this is prolonged into the ringshaped iris, the coloured part of the 
eye. This has muscle fibres in it, and so can make the hole in it, the 
pupil, contract to a pin-point or expand widely. This happens 
automatically: a bright light makes it contract and darkness makes 
it ejqjand. The iris corresponds to the stop of the camera. The back 
of the iris is black. This, showing through the muscular part, 
gives the curious dark grey-blue colour of a new-born European 
baby’s eyes. As the child grows up, much or little white, yellow 
or brown pigment deposits in the front and middle of the iris. 
There is no blue pigment in a blue eye. Blue-eyed people have 
very little pigment and their eye colour is cliiefly due to the black 
showing through and perhaps to a light-scattering by tiny 
granules of light pigment; as more and more pigment is de- 
posited, the eye may become hazel or brown. 

The irmermost coating of the eyeball is the retina — the sen- 
sitive membrane; this wc will discuss again. 

The focussing of the light is done to a small extent by the 
curved cornea, but much more by the crystalline lens, a beautifully 
transparent little lens of clear elastic jelly. It is attached to tlie eye 
by a ting of muscle fibres. When these contract the ting narrows: 
the lens is thus caused to become thicker and more nearly a 



Fig. 463. — The eye in vertical section. 
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Microphdtograph of cell division in the root of a plant. 



Blood. 'J’bc corpuscles are somewhat 
distorted by the process of staining. 
The larger darkly stained object is a 
white corpuscle ( X 12^0). 



Microphotograph of cell division in the testis 
of an amphibian. 
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sphere. Its focal length (p. 475) becomes less and it therefore 
focusses near objects on the retina. When the muscle fibres 
relax, the lens springs back to its more flattened form and so 
focusses distant objects. The ordinary camera is focussed for 
near objects by lengthening it (p. 479): the eye is focussed for near 
objects by increasing the magnification of the lens. In old age, 
the lens usually loses much of its elasticity: it cannot be com- 
pressed and so focusses distant objects clearly, but cannot focus 
near objects. This causes the long sight of old age. 

The eye is filled with clear fluid between the cornea and lens, 
and with a very thin transparent jelly 
between the lens and retina. The retina is 
naturally quite different from any other 
nerve ending for it has to be sensitive, 
not to touch or motion, like the skin or 
the norve endings of the ear, nor to chemi- 
cal actions like the tongue and nose, but 
to light which has little effect on most 
chemical substances. 

The trick seems to be done by manufac- 
turing a purple-coloured substance which 
absorbs light, and is at once decomposed 
by it. This chemical decomposition is 
detected by the nerve fibres and an 
impulse is sent to the brain. 

Fig. 464 gives an idea of the structure 
of the retina. The oddest thing is that 
the part sensitive to light is on the side of 
the retina distant from the light; no human 
designer would have arranged it so. Actu- • 
ally, the whole retina is only ~ ^ to ^ a millimetre tliick and very fairly 
transparent, so that light reaches the back of it almost unaltered. 

In the middle of the retina -appears the optic nerve from the 
brain. This spot where the nerve emerges is blind. Shut your 
left eye, look fixedly at the cross in Fig. 465, holding it some 
10 inches away. With a little practice, you will find a position 

^9 





Fig. 464. — The retina or 
scnsicivc screen of the 
eye. The bottom is the 
side on which the light 
impinges. 
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Fig. 465. — ^Illustrating the blind spot. Shut the left 
eye and gaze at the cross: on moving the book 
backwards and forwards about six inches from 
the eye the spot will disappear. 

where the spot on it disappears entirely. You have now directed 
your eye so that the picture of the spot falls on the optic nerve, 
which, since it is a carrier of impulses, not a detector of light, is 
blind. From this spot radiate fine nerve fibres (Fig. 464) 
which end in nerve cells; these connect up in the usual way to 
another layer of nerve cells which tliemselves connect to a thin 
layer of nerve cells specialised as light-detectors. These are of two 
kinds, cells bearing rods and cells bearing cones. Each has a 
nucleus and an end piece, the cone or rod. These latter alone 
contain the visual purple which is affected by light. The rods and 
cones differ in function. The cones seem to be the" organs of 
delicate and discriminating vision and of colour-vision. The 
‘‘yellow-spot” in the centre of the eye contains only cones. Here, 
we have the most sharp and distinct sight — you are reading tlriis 
with your yellow spot. The rods are the sensitive organs. In 
faint light — as at night — the cones will not function. The rods 
alone receive the faint image. They do not give either a distinct 
and sharp image nor do they perceive colour. After dark, every- 
thing is seen in a faintly blurred monotone. The impressions 
from each rod or cone or at least from each two or three travel 
back along a separate fibre of the optic nerve. The optic nerves 
meet and cross in a peculiar way inside the brain: their fibres end 
in a large area at the back of the head, where in a wholly 
mysterious fashion their impulses are perceived as sight and 
registered as “memory.” 

Incidentally, it may be noted that the image on the retina is 
upside down as in a cameral We have, however, got so used to 
this that it appears to us the right way up. 

The eye is set in a hollow in the skull. The hollow is filled 
with loose fatty tissue. Fig. 466 shows how the eye is pointed 
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At any object. It is easy to see that the eye can be rotated in any 
direction by combined pulls from the muscle-bands, shown in 
black. 

It is not for nothing that we have two eyes. Our two eyes 
receive nearly, but not quite the same impression, and from these 
slightly diiferent views we get our 
ideas of distance and “solidity.” 

The action of our eye-muscles in 
controlling the direction in which 
out eyes point, is usually uncon- 
scious (though, of course we can 
move our eyes at will) and is very 
delicate. 

First, let us see how we judge 
the distance of an object. We can 
judge the distance of an object 
using only one eye. Thus we can 
guess the distance of a building 
by the slight haziness which the 
air interposes between us and it. 

Nearer objects can be placed by 
their size. We know how big a 
cow is and by unconsciously 
comparing our image of it with past images in our memory, we 
can judge its distance. 

One-eyed people, however, are definitely worse than two-eyed, 
in judging distances. A one-eyed hostess occasionally pours the 
tea behind the cup instead of into iti 

The perspective of a landscape, too, tells us something of the 
distances. An artist’s picture on a flat canvas is to be compared 
with the image in a single human eye. It is very interesting to see 
how he gets the effect of distance by colour, haze and perspective. 

The two-eyed person judges short distances by feeling the 
amount he has to make his eyes turn inward towards each other to 
focus the object. Bring your finger from arm’s-length slowly to 
fhe bridge of your nose. Your eyes turn slowly inward till, at a 


\ 



Fig. 466. — The manner in which the 
eye is rotated by the pull of bands 
of muscle. 
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few inches from your nose, you can converge them no further, 
and you see two images of your finger. 

Sight with two eyes gives a solid effect. The right eye sees a 
little more of the tight side of an object and the left eye sees a 
little more of the left side. The combination of two slightly 
different pictures gives the appearance of solidity. The anaglyph 
illustrates this very well. Two pictures are printed on top of each 
other. One is in red and gives the view as it would be seen by the 
left eye: the other in green and as it would be seen by the right 
eye. Spectacles are worn with a red left-glass and a green right- 
glass. The left eye sees only the red picture and the right eye the 
green picture. These are fused by the brain and give the im- 
pression of solidity. This principle has been used for stereo-films. 
Since red and green shades properly chosen combine to a grey or 
black, the image appears in monotone like a photograph. 

The sense organs we have studied send impulses to the brain 
which in turn sends suitable impulses to the muscles by which 
we perform all our actions. The central nervous system — brain 
and spinal cord — must now claim our attention. 

THE CENTRAL NERVOUS SYSTEM 

No organ which does the work which the brain performs 
could possibly be simple, but we cannot survey our world without 
trying to tmderstand something about the brain which perceives 
it. 

The nerve cells of the finger you burn on a hot stove do not 
send a direct message to your arm muscles to take it away and 
only very seldom in the nervous system does the same neurone or 
nerve cell receive the stimulus from the environment and carry 
the impulse directly to the muscle or other “effector” organ by 
which the organism responds to the stimulus. Ordinarily, two or 
more nerve cells are concerned. The Impulse is passed on from 
the neurone, which receives the stimulus, to another which 
carries it to the effector organ. Very often, one or more neurones 
are interposed between these two. llie point at which the impulse 
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is passed from oae neurone to another is called a synapse, and 
may be compared to a telegraphic relay (Figs. 4j j, 467). Passage 
of the impulse across the synapse is brought about not, it seems, 
by direct conduction of the impulse as electricity is conducted, but 
probably by the liberation of a definite chcmic^ substance at the 
nerve endings of the first neurone, this chemical substance 
stimulating the second neurone. The synapse is a one-way 
conductor, for although a nerve fibre will, on suitable stimulation, 
conduct an impulse in either direction, an . impulse can only 
pass a synapse in one direction, from the axon of one nerve, in by 
way of the dendrites of the other, and thence out by way of its 
axon.^ (Fig. 45 j.) 

The synapse then provides a means by which the impulse 
passing up the long fibre (neurone) of any given nerve cell is 
transferred to another nerve cell, lliese synapses are then the 
connections by which the incoming impulse, as of a bum, is 
steered to the motor nerve fibre which causes an action, as of with- 
drawing the arm. The synapses are in four main regions, the 
spinal cord, the brain-stem, the cerebellum and the cerebrum. 

The spinal synapses provide for the simplest functions, simple 
movements and the like. The brain-stem regulates many im- 
portant bodily functions of which we are usually unconscious, 
such as respiration, temperature regulation, circulation. The cere- 
bellum is concerned with maintaining posture and balance. The 
cerebrum or brain proper is responsible for all the higher 
functions. The complicated associations of sense impressions, 
past and present, which we call thought, is the highest of these; but 
a very great part of the brain is concerned in regulating all our 
skilled movements, walking, cycling, buttoning a coat — every- 
thing in fact that we have learned to do since we were babies. It 
has also powers of control over aU the lower centres. The spinal 
reflex makes us withdraw a finger from the flame, but a cerebral 
order made Mucius Scaevola hold his hand in the flame till it was 
consumed. 

With certain exceptions then, the synapses by which nerve cells 
ate connected are in some part of the central nervous system, 
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which consists of the brain, brain-stem and the spinal cord. 
Impulses (generally sense-impressions) from the skin, the muscles 
and from all the organs of ^e body are collected in the central 
nervous system. The neurones that carry these incoming impulses 
arc described as “afferent” nerves. From the spinal cord, impulses 
are sent outward by other “efferent” nerves to the muscles and 
other organs, causing various movements to take place. The 
central nervous system then may be compared to a telephone 
exchange at the G.H.Q. of an army. It collects messages and 
reports from the sense organs by its afferent fibres and sends out 
instructions to the different parts of the organism by the efferent 
ones. Such a process may involve only a few neurones or it may 
involve a great many: the simplest instances involve the spinal 
cord alone; it is, therefore, simplest first to describe the spinal 
cord and to consider a simple spinal refiex. 

The spinal cord is a mass of nervous tissue lying in the vertebral 
canal. From it issue the nerves which bring and carry back im- 
pulses, in pairs at fairly regular intervals. Each of these spinal 
nerves is attached to the cord by two roots, a posterfor or afferent 
root, and an anterior or motor root. The two roots soon join to 
make up a mixed nerve with both incoming and outgoing 
fibres. 

A cross-section of the spinal cord shows a central mass of grey 
matter and an outer mass of white matter surrounding it. 
The grey matter (which has, on either side, an anterior and 
posterior horn) consists of nerve cells, while the white matter 
consists of nerve fibres. The nerve ceils of the efferent nerve lie in 
the anterior horn of grey matter while those of the afferent nerve 
lie in the posterior root ganglion. The axons of these afierent 
nerves end in small swellings close to the bodies 'of the motor 
nerve cells, although branches of the afferent axons pass up and 
down the cord into other situations. If a nerve-ending (N) is 
stimulated by a prick or burn (Fig. 467), an impulse tra'vels up 
the afferent fibre A: the afferent neurone (P) is stimxilated; an 
impulse passes from it across a synapse to the efferent neurones 
and thence to the efferent nerves (E, E), causing the arm muscle 
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which those nerves supply, to contract and withdraw the 
finger. Here is the spinal reflex at its simplest, causing a motor 


response toa stimulus applied 
to a nerve. 

It is rather doubtful 
whether such a simple spinal 
reflex exists. Probably all 
spinal reflexes involvea third 
neurone interposed between 
the afferent neurone and the 
efferent: but reflexes in which 
very few neurones take part, 
are many. If the legs are 
crossed and the patella and 
tendon of the upper knee is 
given a sharp tap with thc 
edge of the hand, the foot 
gives a brisk kick and falls 
more slowly than it rose. 
This reflex is of obvious 
usefulness. Most of us have 
trodden on “the stair which 
was not there,” and but for 
the reflex stretching of the 
leg in response to the bend- 
ing of the knee we should 
have fallen. This reflex is 
very powerful, so powerful 
that there have been cases of 
patients who have sustained 
a broken patella owing to its 
strength: it is also very swift. 



Fig. 467. — Illustrating the manner in which 
a stimulus causes an action. N, nerve 


The reflex straightening of 
the leg and recovery of the 


ending; A, afierent nerve fibre; P, nerve 
cell (neurone) in posterior root ganglion; 
E, E» motor nerve fibres from eflerent 


subiect occurs before he even neurones m ant^ior root ^ ome; V, 
, . till spinal column: H. synapse; T. thalamus; 

realises that he has been in c, corte*. • • ^ • 
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danger of Ming. The simplest spinal reflex is valuable on 
account of this sanftness of action which saves the subject from 
disaster before he is aware of danger, let alone before he can take 
any steps to avert it. 

We have seen, then, that the motor nerve-cells in the spinal 
cord may be excited to activity by direct action of the sensory 
nerves from without: but they can also be influenced by the 
higher parts of die central nervous system, the cerebrum and the 
cerebellum, which lie in the skull, and the brain stem which 
connects the higher brdn centres with the spinal cord. Incoming 
nerve fibres run to the higher centre as well as directly to the 
motor nerve cells: and other nerve fibres run from these higher 
centres to the motor nerves. The higher centres receive in- 
formation from all the sensory mechanisms, from the eye, the ear, 
the labyrinths, etc.: they collect and synthesise this, and the in- 
structions they send out are the result of all the external factors 
operating on the organism. An action in response to such com- 
bined instructions will be better suited to the needs of the 
organism than will the single spinal reflex which can answer to 
only one set of conditions: but since the distance the impulse 
must travel is much greater and a larger number of synapses have 
to be negotiated, action follows more slowly on the stimulus than 
in the case of the simple reflex, which therefore is valuable for the 
instant actions demanded by sudden dangers. The higher 
centres, apart from the cerebrum, regtilate all the normal functions 
of the body which are not, as a rule, within the conscious control 
of die subject. They regulate the position of the body, the 
temperature of the blood, the ventilation of the lungs, the rate 
of the heart and all those activities of the body which tend to keep 
it in adaptation to its environment and to prevent, gross changes 
in the conditions under which the living cells must exist. Of 
course, many of these functions can be controlled by the conscious 
effort of the subject. The rate of breathing can be altered at will: 
nevertheless, die ventilation rate of the lungs is normally re- 
gulated very nicely without any conscious effort provided that the 
brain stem and its connections with the spinal cord are intact. 
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The individual properties of the so-called lower centres of the 
brain and of the cerebellum need not be discussed. It is enough 
to say that between them they collect impressions from every 
s^se organ at the disposal of tbe body and that with the help of 
these impressions they control the relation of the organism to its 
environment widi great accuracy. The possession of a cerebrum, 
or brain, is not at all necessary for such a comparatively com- 
plicated process as that by which a falling cat rights itself in the 
air and falls on its feet. As long as only a small number of rather 
ordinary things happened to it, the organism could do well 
enough without any cerebral hemispheres at all; but the reflexes 
of the spinal cord, the brain-stem and the cerebellum become 
inadequate when it is a question of searching for food, of protect- 
ing the body against even moderate alterations- of temperature, or 
of escaping from an enemy. 

Before considering the true brain or cerebrum and “voluntary” 
activity, a.distinction must be made between two different parts 
of the nervous system. In the Erst place, tiiere is the nervous 
system whose activity is expressed by the movements of the 
voluntary muscles even though the movements are brought 
about without conscious activity. The muscles that serve the 
knee jerk reflex are voluntary muscles. The activity of the nerve 
cell which leads to the contraction of those muscles, may, how- 
ever, be brought about either by a direct reflex through the spinal 
cord, by a reflex through the br^-stem for the purpose of main- 
taining the standing posture of the body, or by voluntary activity 
of the cerebrum, as when we kick a football. 

There is, however, another nervous system, the autonomic 
system, hardly connected at all with the main system we have 
described. This system is concerned with regulating the activities 
of organs over which we have no control, such as the heart, the 
muscular coats of the blood vessels, the iris of the eye, the sweat- 
glands, the hair folUcles and of the muscular coats of the 
alimentary canal as well as of the other various organs whose 
activity is beyond the control of the voluntary nervous system. 
The autonomic system has a system of incoming and outgoing 
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impulses: but its behaviout may also be determined by chemical 
stimuli, such as the acidity of the blood teaching the respiratory 
centre, or thermal sdmuli, such as the temperature of blood 
reaching the hypothalamus, a portion of the lower brain in which 
the centre regulating the whole autonomic s]rstem is thought to 
lie. Certain sections which are essentially regulated by this 
autonomic system of nerves use the voluntary muscles for their 
own ends. If, for instance, the body is subjected to condidons of 
external cold, the modon of the voluntary muscles called shivering 
is used for the producdon of extra heat. 

The heat reguladng mechanism may well be used as an 
illustradon of the use of the nervous system to regulate the 
environment of the cells. A warm-blooded animal like man, 
regulates his temperature within very narrow limits irrespecdve 
of the temperature of his environment. Apart from such 
voluntary acdvity as the wearing of clothes in cold weather or the 
earing of ice-cream when the weather is hot, the reguladon is 
beyond voluntary control, although it is interesting to note that 
when the acdvity of the higher parts of the nervous system is 
depressed by sleep or by narcodcs, heat reguladon is imperfect. 
The intolerable heat under which surgeons work is not dictated 
by a distaste for fresh air but by the needs of the xmconscious 
padent whose body temperature might fall disastrously were he not 
kept in a warm room and well suppUed with blankets and botdes. 

If the subject is in a cold environment, the general response of 
the body is Erected towards the conservadon of heat, 'fhe blood 
vessels to the skin are constricted, to prevent as far as possible, 
the loss of heat from the surface of the body. If necessary, extra 
heat has to be produced and this is done by increasing the amount 
of glycogen “burned” to produce energy: the voluntary muscles 
ate excited into the quite involuntary acdvity of shivering, the 
thyroid gland pours its secredon into the circuladon in increased 
amount and the general acdvity of the cells is raised. In this way, 
great extremes of cold can be withstood, but if the reguladon is 
imperfect, as when, for instance, a man caught out of doors in 
very cold weather yields to the temptadon to sleep; once the 
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general temperature of the body begins to fall, the organism is 
involved in a vicious circle from which it will not readily escape; 
for at a lowered temperature the activity of the cells is lowered, 
and as it is this very activity which causes the production of heat, 
the temperature of the body must tend to fall again. 

Adaptation to external heat is also very perfect. In this case, 
the vessels of the skin are dilated in order that the blood may be 
cooled readily by the external air. At rest, this mechanism may be 
sufficient: but if work is done or if the external temperature is very 
high, such a process cannot be effective and sweating occurs; in 
sweating, there is active secretion of a watery fluid by the sweat 
glands and the latent heat of evaporation of this fluid is lost to the 
body which is cooled. Since sweating is a very important 
mechanism for the loss of unwanted heat, it is possible for the 
body to withstand very high temperatures, temperatures that are 
well above the boiling point of water, as long as the atmosphere is 
dry and evaporation is rapid; but a high temperature is not easily 
withstood when the air is moist, and the subject is overcome by a 
temperature that approaches 37° C., the normal temperature of the 
body, if the air is totally saturated with moisture. Water vapour 
may also be lost by the lungs, and, if the air is not too moist, 
another mechanism is here available for the loss of unwanted heat. 

THE CEREBRUM 

The motor unit consisting of the muscle (or gland) and its 
motor nerve cell is merely the final path by which movement 
is carried out; as far as the final effect is concerned it is immaterial 
in what way the motor unit is excited, whctlier by a direct reflex 
through the spinal cord, or by a fibre from the cortex of the 
cerebrum itself: for there are fibres, axons of cells lying in the grey 
matter of the cerebrum (which lies outside the white matter, not, 
as in the cord, enclosed by it) and passing down to end at various 
levels near the nerve cells — relay centres — of the motor units. 
Destruction of these brain fibres or of the brain-cells from which 
they arise, abolishes the faculty of voluntary movement: that is to 
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say, a subject deprived of them could not straighten his knee 
of his own accord, but his knee-joint reflex could still be elicited. 
If the motor-neurone itself were cut, there could be no movement 
of the knee of any kind; destruction of the nerves in the brain only 
abolishes voluntary activity. The cells giving rise to these fibres 
controlling voluntary movement are strictly localised in a definite 

motor area of the brain, 
there being more 
closely localised areas 
for the arm, the leg, the 
toes and other parts. 
The left side of the 
brain controls the right 
side of the body and 
vice tvrrtf, although cer- 
tain muscles, such as 
those of respiration, 
which normally act in 
co-operation with 
those of the opposite 
side arc represented on 
both sides of the brain. 
There are, more- 
over, areas of the cere- 
brum which receive 
sensory impressions 
from ^ the diiferent 
sense organs of the body. It is in the cerebrum that these sensations 
reach consciousness. If, for instance, a man touches a hot plate with 
his finger, the finger is swiftly withdrawn, and this withdrawal 
would take place reflexly through the spinal cord without the 
cerebrum being called into action at all. Only in the cerebrum 
(Fig. 467), however, does the sensation reach consciousness: the 
cerebrum may even prevent the withdrawal of the hand if we have a 
powerful wish to keep it there. 

In the cerebrum, every kind of sensory impression is collected 



Fig. 468. — llic main portions of the central nervous 
system. The spinal cord transmits impulses to the 
brain and operates simple reflexes, llie brain-stm 
regulates the basic b^ily functions. The cere- 
helium co-ordinates active and delicate movements 
of muscle required for maintaining posture and 
balance. The cerebrum is responsible for all the 
higher activities, the functions that a man has and 
such a creature as a frog has not. 
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and remembered. Conscious memory is only a small part of the 
memory. The cerebrum forgets nothing, but becomes the 
storehouse of all the accumulated experience of the invididual. 
The possession of a cerebrum is necessary for education, for 
profiting by e:q)erience: and the possession of great areas of 
association, of fibres linking up the storehouses of sensory 
impression, makes the brain capable of synthesising the whole 
experience of the individual. The missing link, however, as 
regards our knowledge of cerebral activity, .is the link between 
experience and action. It has been argued and is still being 
argued that the so-called voluntary activity of the brain is merely 
refiex activity of a very complicated kind: that when a man acts in 
a certain way, he does so in response, not to the urge of some 
mysterious free-will but under compulsion, in response to a very 
complicated pattern of sensory impulses received % his cerebrum 
at different times and stored there for ever. As new sensory 
impressions reach the cerebrum, the pattern of accumulated 
experience is constantly changing but the conduct of the in- 
dividual depends on the state of his accumulated experience at any 
given time. Such a theory is widely favoured, and its acceptance 
has, perhaps, been helped by the fact that its opponents cite no 
alternative tlieory supported by demonstrable facts: they talk 
rather of a “something” called “free-will.” The behaviourist 
theory of the brain is still far from being accepted: it is improbable 
that it will be accepted for a very long time, and one may perhaps 
be permitted to abandon for a moment the strictly scientific 
attitude of unbiased enquiry and express the hope that we shall 
never be compelled to accept it. 

The nervous S3rstem, then, may be considered as a complex 
arrangement of neurones, collecting and synthesising sensory 
impressions and sending out instructions to the mobile organs. 
It has been seen that in some cases only a few neurones are 
involved, and in these cases the anatomical connections of the 
different neurones are sufficient to account for the whole sequence 
of events from the stimulation of the sensory nerve-ending to the 
firing off of the muscle contraction. Other more complicated 
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reflexes use more neurones, but may still be regarded as reflexes: 
the important question that has been left unanswered is, however, 
as to whether mere anatomical relations of nerve cells and nerve 
fibres are sufficient to account for conscious sensation, for die 
storing up of impressions called memory, and for the activity 
which we are pleased to call voluntary. 

Our study, then, of the working of a Man gives us a picture 
of a system of instruments — limbs, jaws, etc. — ^fot causing motion 
in themselves and other objects. These are worked by chemical 
motors (muscles) which are stopped, started and controlled by 
impulse-carriers (the nerves) in response to the sum of our sense 
impressions brought by these nerves from receiving instruments, 
both at the present and in the past. The brain is the organ which 
converts these manifold and related sense-impressions into motor 
impulses. All the instruments of the body operate by slow 
chemical changes of their substance, and they contain in diem- 
seives chemical means of repairing wastage and damage. A pump, 
the heart, circulates through the whole body a fluid (blood) which 
brings materials for energy production (glucose and oxygen) and 
for tissue building (amino acids). This fluid also carries away 
waste products, to be removed by the lungs and the elaborate 
filter of the kidneys. A chemical laboratory in the form of the 
digestive canal converts miscellaneous organic compounds — 
food — ^into such substances as the blood can profitably carry to 
the tissues. All these instruments or organs are dependent on 
each other: changes in one influence the others through the 
bloodstream and nervous system they ail share: thus Man is not a 
collection of instruments, like a wireless set or a chemical works, 
but is a whole whose parts co-operate under the brain as organiser. 

This summary takes no account of thought, memory and free 
will: it views man externally. Science has no answer to our 
question as to the possibility of explaining these except “Wait and 
See.” 

This chapter has treated a man as ati isolated unit: we have now 
to consider how men make men. 



CHAPTER XXXIX 


Reproduction 

HEREDITY 

T here ate two ways in which an individual creature can 
reproduce itself. The manner in which a single cell divides 
into two has already been noticed (p. Szo). animal or plant 
may simply multiply its cells in this fashion and then split off a 
portion of itself: the single-celled paramecium (Fig. 504) may 
divide in two: the many-celled sea anemone may bud off another 
from its side: even as high a creature as an aphis can bring forth 
yoimg aphids without the co-operation of a male. This asexual 
reproduction is the exception, though it is the ancient and 
primitive method. Most animals and plants propagate themselves 
by two individuals, male and female, contributing a pordon of 
themselves to make a new individual. This process is termed 
sexual reproduction. 

The male produces an active, freely-swimming cell called a 
sperm; the female produces a larger but passive cell, an ovum. 
The sperm enters the ovum. Their nuclei join and the cell so 
formed grows into a new individual. This formation and fusion 
of sperm and ovum is common to plants, insects, fishes, birds, 
mammals and men: to every creature which has sex. 

It is best then to study this before we consider the details of the 
way fertilisation is brought about and the young ferdlised ovum 
is nourished: for these latter are accomplished in very different 
ways by different living things. 

It will be remembered that every cell has a nucleus containing 
a material called chromatin, and that when the cell divides, the 
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chromatin gathers itself first into long tlireads (the spireme) 
which then split into shorter lengths called chromosomes. 
These split lengthwise in half, and one half of eadx chromosome 
goes to each half of the dividing cell. Both the new cells get 
replicas of all the chromosomes of the old. The chromosomes 
join again to a spireme whicli breaks again into knots and threads 
of chromatin. 

This is the process of asexual reproduction. In sexual re- 
production a different arrangement ensures that the new cell 
from which the yoimg is to develop gets a complete set of 
chromosomes. Man has 48 chromosomes in each of his cells: 
the essential process is much more easily represented in the case 
of an animal which has only a few. The stone-fly is such a creature, 
but the process is essentially the same in man or sparrow or 
dafibdil. 


The male of every species has germ-cells which produce 
spermatozoa. In man and higher animals these are in the testes. 
The chromosomes are usually in pairs alike in shape. Thus, in 


I Male sex gtand cull 

1 Femax ovum i 

1 # I 

yf X 


fs Kf/ 

if^xi /y 

i « f ' 

r X ’ 

; 1 

1 Sperm 1 | Sperm 2 

1 Ouum after extruMon of 
\ polar bodiee 


Fig, 469. — ^IIow the offiipring teceives 
equal contributions of chromosomes 
from its parents. Above arc shown 
the complete outfit of 10 chromo- 
somes for the male and female stone- 
fly. Below am shown the sperm and 
ovum each with a half set of 5 chromo- 
tomes. These fuse to a fertilised 
ovum which thus has a full set of 10 
chromosomes. 


Fig. 469 the complete cell 
of the male animal has ten 
chromosomes, two rod-like, 
ones a and n, two thick V- 
shaped ones and j8', two 
smaller V-shaped ones y and 
y, two little dot-like ones 
S and and finally, a single 
long one X and a little short 
one Y. When a cell like this 
divides in the ordinary way, 
the two new cdls each get 
the same equipment of chro- 
mosomes. But the male makes 
its spermatozoa by halving 
the cells of its sex gland. This 
division is different from all 
others because the chro- 
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mosomes are not baivtd but sbaredy half going to each sper- 
matozoon. Thus, one sex gland cell makes two sperms; of 
these, one sperm may get chromosomes a, / 3 , y, ^ and Y, while 
the other gets a, y, S and X; but they may divide up in any 
way as long as the sperm gets one of ea^ of the a, jS, y and ^ 
pair, and either X or Y. There are in this case thirty-two ways in 
which this sharing can be done. The more chromosomes ^ere 
are the more ways of sharing them are possible. Man has 48; he 
can divide a gland cell into two sperms in about 17,000,000 
different ways. These two spermatozoa then divide once more 
but this time split their chromosomes and so keep the same outfit 
as they had before. 

The unfertilised female ovum has a complete outfit of chromo- 
somes aa\ yy, but instead of X and Y, a pair of the 
long X’s. Females^ have a pair of chromosomes XX where males 
have an odd couple XY. When the male sperm enters the female 
ovum this halves its chromosomes too, and throws out half as a 
“polar” body. It would then have, say, chromosomes a, |8', y', 
and X, but of course, it can have any selection from the ten as 
long as it has one of each pair. The ovum divides again, throwing 
out another polar body but keeps its previous set of chromosomes. 

Now, the fertilisation of the egg occurs by the male sperm ceU 
swinuning to the female ovum and penetrating into it. Suppose 
the first sperm we mentioned was successful in doing this. The 
nuclei of the sperm and ovum combine. The fertilised egg will 
have chromosomes a,^,y,^' and X from the male, and a,j8'y,^' 
and X from the female: so its cell will have the chromosomes 
aa,^^',yy,(YS' and XX. It will be a female, for it has the pair of 
chromosomes XX. Suppose the other sperm had been the 
one to fertilise the egg. The fertilised egg would have chromo- 
somes an,^'^\yy,S^, and X and Y. This would be a male 
with the odd pair of chromosomes XY. 

Now, we have reason to suppose that each of these chromo- 
somes is a string of “genes” each carrying a factor which gives its 
owner some quality, and it is evident that the way in which 

^ Except with birds and butterflies, where affairs are reversed. 
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characters ate inherited from the hither and mother depends on the 
“genes’* which are in the chromosomes they both* contribute. 
The male and female, both being of the same species, have the 
same number of chromosomes but their chromosomes may 
contain many different genes. Thus, a colour-blind man has a gene 
which a normal man or woman lacks, though he has the same set 
of chromosomes. A great number of human characters are 
inherited: but many of them are difficult to study. Some in- 
herited characters are however obvious and easy to trace. As a 
first example, we may take brachydactyly, a deformity consisting 
of there being only two bones in the fingers instead of three. 
Suppose a normal woman marries a brachydactylous man. The 
man has the gene for brachydactyly In one of his chromosomes. 
His spermatozoa each have a half set of chromosomes taken at 
random, so half his spermatozoa will have the gene for brachy- 

dactyly and the other half will not. 



Sjpem w/ti br9>.hyda-^tf 

gOPO 



Narwal Aformt/ Brachy Bret Ay 

-cfacty/out - ffaety/oue 


Fig. 470. — Diagram illustrating 
the manner in which a dominant 
charaaeristic such as btachy- 
daayly is inherited. A brachy< 
dactylous man is supposed here 
to have married a normal 
woman. Only the pair of 
chromosomes which may con- 
tain the brachydactyly gene are 
illustrated. The normal chiomo- 
somet are shown as white rods, 
those containing the brachy- 
dactyly gene as shaded rods. 


The ovum from the normal woman 
will have a normal gene: it is equally 
likely to be fertilised by any of the 
millions of spermatozoa which 
have access to it in the act ot 
fertilisation. 

Now, brachydactyly is what we 
call a dominant, that is to say, if its 
gene is present with the normal 
gene, the former overcomes the 
latter. If the child is the product of 
a normal ovum, fertilised by a sperm 
with the gene for the deformity, it 
will have shortened 'fingers; if by 
the sperm without the gene, the 
child will be normal. Consequently, 
on an average, half the children 
of the brachydactylous man and 
normal woman will be brachy- 
dactylous. Fig. 471 is a pedigree 
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NORMAL MALE ANDFEMALE Cf Q 

f—i 

fsVio fSTTimrt 

Fig. 471. — ^Pedigree of a family des- 
cended from a parent having the 
brachydactyly gene. (After Faiabec.) 


(due to Farabec). The usual affected male and female iff 

agm i fot male and $ for 

female, arc used, the brachy- ^ 

dactylous are black, and the ^ ^ i ^ f ^ S' ^ 

normal, white. 

It should of course be Fig. 471. — ^Pedigree of a family des- 
realised that it is only probable f*"*^**^ from a parent having the 

that half the offspring will be 

brachydactylous, in the same sense that it. is probable that 
of ten playing cards, taken at random, five will be red. 
The more cases we examine, the more nearly we are likely to 
find equal totals of normal and abnormal children. But, in 
an individual family it might easily happen that there were nine 
normal to three abnormals or pice versa. There will be equal 
numbers of sperms with and without the brachydactyly gene; it 
is simply a question of luck which single one of the millions of 
sperms concerned in a single act of fertilisation happens to reach 
the ovum first. 


One brachydactyly gene is enough to give the owner the 
deff>rmity. In very many cases a quality is inlierited only if both 
chromosomes of a pair possess the gene. We may take the case 
of the inheritance of blue-eyes as an example, though it is probably 
rather more complicated than appears below. Here, the gene for 
blue-eye*’ or grey-eyes is a recessive; that is to say, the gene for 
brown or '•azel eyes overcomes it. Suppose we call the blue-eye 
gene a an^ the brown-eye gene b. Suppose a blue-eyed man and a 
brown-ey“ i woman marry. The blue-eyed man will have an a 
gene in eac'i of the particular pair of chromosomes concerned with 
eye-colour. We can call him aa then. All of his spermatozoa will 
have one of the pair of chromosomes and therefore one of 
these a genes. The brown-eyed person will have two b genes, bby 
of which one will remain in her fertilised ovum. Then the off- 


spring will have both factors, and its chromosomes will contain 
both genes, ab, and since b overcomes a, all the children will be 
brown-eyed. But, they will only in appearance be the same as 
their brown-eyed parent who has two b genes. 
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Suppose two of these ab, brown-eyed people marry. Their 
sperms and ova will either have an or a So dxeir offspring may 


have. 

From the father. 

From the mother. 

Child’s eyes. 

a 

a 

aa blue. 

a 

b 

ab brown. 

b 

a 

ab brown. 

b 

b 

bb brown. 


So, since all four possibilities are equally probable, on an 
average, such a marriage would produce one blue-eyed child 
to every three brown-eyed, of which three, only one would be 
a pure brown with no blue gene. This case is a very common 
one. 

Here are some examples of it. In each case the dominant b 
behaves like the brown-eye factor and the recessive a like the blue- 
eyed factor. 


Dominant 


Blackness in rabbits. 

Tallness in peas. 

Short hair in rabbits. 

Rough hair in guinea 
pigs. 

Web-fingers. 

Mongolian “slant- 
eye.” 

Normal pigmentation 
in man. 


Recessive 


Blue colour in 
rabbits. 

Dwarfness in peas. 
Angora fur in 
rabbits. 

Smooth hair in 
guinea pigs. 
Normal fingers. 
European eye. 

Albinism. 


In a number of cases the ab offspring have a different appearance 
from that of the aa or bb offspring. A simple case is that of the 
crossing of ivory-coloured and red antirrhinums. If we call the 
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gene for red («) and that for ivory (£), then aa plants are red, 
bb plants ivory, while ab plants are pink. 

A third interesting type of inheritance is the ‘‘sex-linked’* 
which is well illustrated by haemophilia, the defect, already 
mentioned on p. 840, by which the blood of the sufferer from it 
does not easily coagulate. Fig. 472 shows a pedigree of an 
affected family. It is easily seen that only males^ suffer from the 



Fig. 472. — ScYcn Mneiations of haunopbiliacs (bleeders). White circles or squares 
or the letter N indicate normal persons. Black squares indicate males who 
suffered from hsemophilia. Shaded circles indicate females who, though un- 
affected themselves, carried the gene in one of their X-chromosomes and so 
transmitted the disease. (After Davenport.) 

condition, and that it is only inherited through the mother. 

Haemophilia is a recessive, like blue-eyes, and its gene {b) is 
contained in the X chromosome of which a man has only one 
(p. 912) and a woman two. Now, suppose a man with haemophilia 
marries a normal woman. His sperms have either an X chromo- ' 
some with the haemophilia gene X^ or a Y chromosome. 

An ovum from a normal woman will have one X chromosome. 
So, the result of the mating will be either a child with chromo- 
somes X and X^ — a daughter — or a child with chromosomes X Y — 

^ If both partners came from an affected family, the daughters might suffer from 
the disease. If one partner Is normal, this cannot happen. 
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a son. The son will be perfectly normal and neither has the 
disease nor hands it on. The daughter will not have the disease, 
for her normal X chromosome overpowers the recessive abnormal 
one with the haemophilia gene. Now, suppose she marries a 
normal man. Her fertilised ova will either have the X or X,, 
chromosomes. The father’s sperms will have X or Y chromo- 
somes. So, the possibilities are 


From mother 

From father 

Offspring 

X 

X 

XX Normal daughter. 

X 

Y 

XY Normal son. 

^1. 

X 

X^X Daughter who may have 
haemophiliac sons. 

X,. 

Y 

X^Y Haemophiliac son. 


So, the disease is handed on. Colour-blindness and certain 
other forms of blindness are inherited in this way. 

The above are a few of the simplest cases only. Quality and 
colour of hair in the rabbit is controlled by no less than twelve 
different genes, and the number of possible variations is therefore 
very large. Veiy few cases of human heredity have been com- 
pletely worked out. Human beings are particularly difficult to 
study from the point of view of heredity, first because they 
breed slowly, and long and complete pedigrees are very difficult 
to trace; secondly because human beings arc so interbred that 
a pure stock is nowhere to be found. 


HUMAN REPRODUCTION 

This combination of two half-sets of chromosomes from a 
sperm and ovum respectively occurs in every species which has 
two sexqs. The means by which the sperm and ovum are brought 
together, and the way, if any, in which the fertilised ovum is 
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cared for until it can look after itself varies enormously. Among 
almost all land-animals, the male introduces his sperm into the 
body of the female. Amphibians and fish often shed their sperm 
and ova into the water, where they meet. The very curious 
method adopted by plants is mentioned on p. 994 S. 

1-ct us trace the complete course of reproduction of a human 
being. A new-born baby is either male or female. This depends 
on whether its original cell and, therefore, all the cells which 
grew from it by the ordinary process of division (p. 820), had two 
equal X-chromosomes, in which case it is a girl, or an X and a Y 
chromosome, in which case it is a boy. In the first case, the female 
sex-organs are developed (p. 922), in the second case, the male 
organs. These organs have no function at first and remain small 
and undeveloped until the age of puberty, which may be between 
9 or 15, varying greatly in different races, and in individuals of 
the same race. At this age, the anterior lobe of the pituitary gland 
sends out a substance which stimulates the ovary or the testes to 
grow. These again send out hormones whidi cause all the 
changes of puberty. 

The result of these changes is, then, firstly to make the sex- 
organs develop and become capable of doing their work of 
creating offspring, and next to develop secondary sexual charac- 
ters, such as beard and deep voice in a man, and the body hair 
of a woman. Mental changes also "occur: notably an emotionally- 
coloured attitude to the oAer sex, and perhaps not unconnected 
with this a feeling for beauty, bodily or spiritual. From the time 
when puberty is well advanced until old age, the male sex system 
steadily produces millions of spermatozoa which are always 
ready for the act of generation. The male organs are shown in 
Fig. 47}. The testes consist of nests of tubes, the walls of 
which are lined with cells which grow and divide into sper- 
matozoa as already described. The spaces between the tubes are 
packed with interstitial cells which produce minute quantities 
of a most potent hormone, androsterone, which brings about 
the changes at puberty and continues to exert influence 
thereafter. 
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We all know the diilerence between the savage and powetfiil 
stallion and the docile gelding: the active, lean and enterprising 
tom-cat and the heavy and indolent neuter: the ferocious bull and 
the mild ox. The removal of the testes, in general, makes an 
animal fat, lazy and docile. There is a general belief that the 
changes of old age are due to the dwindling and loss of function 
in the ovary and testis. Attempts have been made to graft 
testes, usually from an ape, into old men: the operation often 
succeeds in restoring vigour and a feeling of well-being, but it 
does not restore the worn-out tissues and hardened arteries of 
old age. 

The chief task of the testes is to make spermatozoa. The 
human spermatozoon is a minute cell consisting of four parts, a 
sharp point which can penetrate the ovum, a flat shovel-shaped 
head which contains the nucleus and genes, a middle piece which 



Fic. 473. — The male organ* of le- 
production, slightly modified so 
as to appear in a single verticiJ 
section. T, testis; E, epidklynus; 
V, seminal veside; B, bladder; 
P, prostate; U, urethra. 


contains the apparatus causing the 
first division of the egg, and a long 
whip-like tail. By lashing this tail, 
the spermatozoon can swim — not 
very rapidly. The spermatozoa of 
almost every creature are of this 
shape, having a head and swimming 
freely by means of their whip-like 
tail^JateXLII). 

The sperihatozoa pass through a 
long coiled tube, the epididymis, 
along the spermatic duct. The only 
remaining part which the male takes 
in r^roduction is to introduce his 
sperm into the female. This is done 
by means of the exterior male 
organ. Some forty million sperms, 
mixed with the secretion of the 
seminal vesicles and of the prostate 
gland, are forced into the passage 
leading to the intetiot of the female 
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seX'Organs. Hete they swim upward through the uterus and the 
uterine tube towards the ovary. 

Now, let us turn to the much more complicated processes in the 
female. From puberty onwards, a remarkable cycle of events have 
been repeating themselves over a period of some twenty-eight 
days: the object of these is to supply an ovum to be fertilised by 
the spermatozoon and to provide a means by which the fertilised 
ovum can be nourished while it grows. 

The essential sex organ of the female is the ovary (Fig. 474) in 
which is secreted a hormone which causes the dianges at puberty, 
but which also contains a great number of ova or egg-cells each 
contained in a little bag, or Graafian follicle (Plate They 

gradually mature and finally project from the wall of the ovary. 

For the first few days of the 28-day cycle, that remarkable 
gland, the pituitary, produces a hormone called prolan A which 
stimulates the ovary to produce another hormone, oestrin, which 
is known to be a complicated chemical substance, cestrone, with 
formula as shown below. It is interesting to note the likeness 
between the male and female sex-hormones. 
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The male sex-hormone: androsterone. 
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The female sex hormone: oestrone. 


The oestrone passes into the blood stream and reaches the 
uterus (Fig. 474), where it causes the inner wall, whose function is 
to house and nourish the developing child, to grow and become 
full of blood vessels. A follicle then bursts in the ovary and an 
ovum is liberated: this is pushed by cilia (p. 977) down a tube (die 
uterine tube) to the uterus. If it meets with a spermatozoon, it 

will be ferdlised as de- 
scribed on p. 913. 



Ftc. 474. — ^The- female organs of reproduction. 
U— uterus; -vagina. 


The pituitary then 
ceases to produce pro- 
lan A, and the ovary 
produces less oestrin. 

The pituitary then 
produces another hor- 
mone, prolan B, which 
causes a fourthhormone 
progestin to be produced 
by a yellow body the 
“corpus luteum,”which 
remains in the ovary in 
the place from which 
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the ovum emerged. Progestin prepares the wall of the uterus to 
receive a fertilised ovum. But if the ovum is not fertilised, as in 
general is the case, progestin ceases to be secreted. The enlarged 
wall of the uterus breaks down and escapes to the exterior as blood 
and cell-debris. The cycle then starts over again, the pituitary 
producing prolan A which makes the ovary produce oestrin which 
makes the wall of the uterus grow again, T^e whole cycle repeats 
itself at intervals of about 28 days. 

If the ovum is fertilised, the corpus luteum in the ovary 
persists all through pregnancy: its function may be to stimulate the 
uterus to growth. 

Let us suppose, however, that the ovum has met a sper- 
matozoon in the uterine tube, and that their nuclei have fused 
into a single nucleus, and let us glance at the series of changes 
which turn this single cell into a human being. ’ 

The fertilised egg, which is a single cell so minute that it would 
be only visible as a speck some i^^ch in diameter, is 

carried down the uterine tube into the uterus and embeds itself 
in its wall which has become thickened and full of blood vessels. 
Now, it is obviously impossible to observe the development of a 
single microscopic cell within the uterus, so our knowledge of the 
first few days of development is chiefly drawn from observations 
on other animals. Even before the fertilised ovum reaches the 
uterus, it begins to divide in the usual manner described on 
pp. 820-821, first into two, then into four, then into eight (Fig. 
475, 1-4), till it becomes a ball of rounded cells which becomes 
hollow like a tennis ball (5), but with a thicket mass of cells pro- 
jecting into its interior. The form of a hollow cup (6) is next taken. 
Meanwhile, the ovum has embedded itself deeply in the wall of the 
uterus. It next develops a set of organs which are designed td 
attach it to its mother's uterus and supply it with nourishment. 
These are discussed on p. 925. The cup then becomes internally 
closed (7) and then folded on itself (8). 'Its external appearance 
in now rather like Fig. 475 , B. i . The groove so formed develops 
into the backbone. The most interesting changes occur between 
the third and eighth week. When a human embryo is about four 
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weeks old, it is about an eighth of an inch long. It is then 
hardly possible to distinguish it from the embryo of any other 



FiG. 475. — Development uf fertilised 
ovum Ai-8 earliest stages, 1-4 are 
views, 5-8 are sections. Bx-3 Infolding 
of the cupshaped mass of ceUs forming 
a groove Bi which is the rudiment of 
the backbone. These staecs are taken 
from the development of the tadpole, 
but are closely similar to those occur- 
ring in man. C. x. Fish-like stage with 
rudimentary giU-arches and long stout 
tail. 3~5 later stages. Age of em- 
bryos shown. A. 1-8 up to r. 10 days. 
Cl about 4 weeks. C3 about 6 weelu. 
C4 about 7 weeks. C5 about 8 weeks. 
Figs. A 1-8 ate much magnified. C1-5 
are about twice natutal size. 


large mammal and indeed, 
it is very little different from 
the embryo of a bird or a 
fish. It has a long and large 
tail rather like a fish’s. It 
has a single-chambered heart 
like a fish’s and a circulation 
with loops to four gill-arches 
(p. 954) like those of a fish, 
it does not use these rudi- 
ments of gills, but for some 
reason the single cell can only 
become a man by first or- 
ganising itself on the plan of 
a fish and then altering this 
to the plan of a man. It is 
clear that there is some con- 
nection between the way the 
primeval cell of a thousand 
million years ago evolved 
into a man and the way the 
primitive single cell of die 
fertilised o^’^lm develops into 
each one of us: but what this 
connecdon is, is unknown. 
Fig. 475 gives an idea of the 
way the primitive fish-hke 
embryo gradually evolves 
into a recognisable man. 

Nearly all creatures other 
than mammals provide their 
fertilised egg-cell with a 
large supply of food "yolk” 
to sustain it until it can fend 
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PUjcenial villi imbedded in the 



Fig. 476. — ^Thc uterus in the third month of pregnancy. Note the circulation of 
blood from the embryo through the umbilical cord and the chorion (white). The 
latter is in intimate contact with the decidua placentaiis (shaded) which is richly 
supplied with the mother’s blood. The embiyo hangs in the liquid contained in 
the amnion. Note also the remains of the yolk-sac from which the embryo gained 
its early nourishment. As the foetus enlar^ the uterine rtfs'//; disappears. (Courtesy 
of Messrs. Longmans, Green & Co., Ltd., from Gray's Anaiet^,) 

for itself. The hen’s egg contains enough food to turn a fertilised 
germ-cell into an active bird. The mammals have adopted the 
plan of supplying nourishment from the mother’s blood. The egg- 
cell has a little yolk: this serves to sustain the developing egg until 
it has its own system of nourishment. Fig. 476 shows how a 
mammal is supplied with food while it is in the mother’s body. 
The uterus develops its thickened wall {deddm placentaiis^ Fig. 
476I: ramifying into this are the villi of the chorion which is 
developed from the embryo. The chorion contains a sac of liquid 
in which the embryo hangs by a sort of stalk. This stalk contains 
an artery through which the heart of the embryo pumps its own 
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blood to the chorion from which it returns by a vein. 

Where tlie uterine wall and the chorion meet is the placenta, a 
flat plate of tissue richly supplied with the mother’s blood. Here, 
the embryonic blood and maternal blood arc only separated by the 
finest membranes. Consequently, food and oxygen diffuse from 
the maternal capillaries into the chorion and so to the embryo: 
while waste products diffuse back from the embryo via the 
chorion to the mother’s blood. 

Pregnancy ends in the human being after a period which is 
very nearly nine months. Why this period is found in man 
while the dog requires but nine w'eeks and the elephant as much 
as two years is not understood, nor indeed is it understood 
what makes birth take place at the end of that time. It was 
formerly believed that the corpus luteum degenerated, and the 
lack of its hormone allowed the uterus to expel its contents. But 
the corpus luteum can be removed without terminating preg- 
nancy; consequently, we are in the dark as to what is the clock 
that times the nine months and how it gives the order for birth to 
take place. The muscles of the uterus and the belly-wall force the 
baby through the vagina to the outer world: the placenta and 
membranes follow shortly after. 

llie child has now to fend for itself as far as ait supply, 
digestion and excretion are concerned. It has lungs, intestines 
' and kidneys which it has not yet used, and these promptly set to 
work. A new-born chick can eat much the same food as a hen: 
the mammals are distinguished by elaborating milk in the breasts 
or mammary glands as a food which nourishes the young for the 
first few weeks or months. 

The mammary glands vary in number in diflerent animals. 
The human being has the minimum number, two; They are a 
mass of ramifying tubes lined with secreting cells. The tubes all 
meet and deliver the milk to the central opening. 

Milk is an emulsion of fat-droplets in a weak solution of 
certain solids. It is a very complete food. It contains everything 
that the young of the species require — ^fat, proteins, carbohydrates, 
salts and vitamins. It contains some 87% water, 3.75 % fat, 4.7% 
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of lactose (milk sugar), 3.4% of caseinogen and lactalbumen — 
proteins — and 0.75 % of salts. It does not follow, of course, that 
the milk of one creature is the right food for the young of another. 
Thus, cow’s milk contains rather too little vitamin C for the 
human infant: moreover, since the calf grows more quickly than a 
baby it contains too much protein and salt. It has rather too little 
sugar and, interestingly, too little lecithin. Lecithin is a material 
which is needed for brain development, which does not trouble 
the calf as much as the human being. The milk which the child 
sucks from its mother’s breast is completely free from bacteria: 
ordinary milk after storage and delivery may swarm not only with 
the lactic bacilli which finally make it go sour, but also with the 
germs of bovine tuberculosis, and any others that may have been 
introduced by those who have handled it. It is considered too 
that maternal milk carries with it the anti-bodies (p. 1014) from the 
mother’s blood and is, therefore, capable of conferring on the 
baby some immunity from infection. It is an odd fact that milk 
contains almost no iron and apparently the child stores before 
birth enough iron — which it must have for its red blood pigment 
— to last it until it is weaned* 



CHAPTER XL 


The Classes of Anmals 

SPECIES 

W E have now looked into the workings of one animal — 
man. We have seen that the body is a community of cells, 
separate yet dependent on each other for life. We have seen how 
some cells are specialised for strength, others for motion, others 
for sensitivity, others for the production of chemical substances. 
Every living creature is either a single ceU or a collection of such 
cells and it is almost certain that from the chemical and physical 
make-up of the individual cell arise all the differences between the 
kinds of living creatures. 

Our next problem should be, then, to sec how living creatures 
differ from man and from each other. One of the earliest facts we 
learn is that there are different kinds of living creatures, cows, 
horses, sparrows, herrings, oysters, turnips and whatnot: and that 
these mate with their own kind and reproduce their own kind. 
We may term these different kinds of animals, species. Now no 
two animals are exactly alike, but any two sparrows resemble 
each other more closely than any sparrow resembles any bullfinch 
or chaffinch. Thus, surveying all the single animals and vegetables 
we can observe that they can be grouped as species whose 
members are more like each other than they are like the members 
of any other species. A few cases of difficulty arise when the 
differences are small. It would be wrong to say that the Chinese 
and European races of men are different species, for the likenesses 
between them are so much greater than the differences. We should 
call them “races” or “varieties” of the same species. But, there is 

9 *» 
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no really certain criterion which enables us to say whether two 
groups of individuals belong to different species or different 
varieties of the same species. 

The biologist says he will give tlie name species to a group of 
creatures which have the following characteristics. First, they 
should be more like each other than like the members of other 
groups: secondly, they must breed offspring which remain 
equally like their parents and each other: thirdly, they must readily 
breed with each other, and less readily or not at all with animals 
of another group: fourthly, the group must not be distinguished 
by some temporary characteristics due only to outside influences 
like food or climate. 

Thus, take as example the dandelion. Dandelion plants are 
more like each other tlian they arc like hawkweeds or chicory or 
any allied plant: dandelion seed produces dandelions just like tlic 
parents. They are much more readily fertilised by dandelion 
pollen than the pollen of any other plant: in natural conditions 
they never cross with other flowers. Finally, we do not call the 
small dwarf dandelions of high and rocky places and the large 
luxuriant dandelions of the meadows two different species, for, 
if we plant the former in the meadows and the latter in the rocks, 
they soon become just like their neighbours. 

We do not call Chinese, negroes and Europeans difi'erent 
species because, apart from racial prejudices, they breed freely 
with each other. But it must not be forgotten that this classi- 
fication into species and races is an artificial one. Probably, a 
“race” is the first stage in the formation of a new species. Hardly 
any species, as fossils show us, has remained unchanged over 
periods of tens of millions of years. It is quite likely that if 
Chinese, negroes and Europeans were to be isolated for ten or 
twenty million years, they would evolve in different ways and 
become so unlike as to be truly different species and no longer 
able to interbreed. 

There are nearly a million known species of animals and plants: 
new ones are frequently being described. It is clearly unwieldy 
to classify living creatures into a million groups: accordingly. 
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the classification into species is inadequate for practical purposes. 
These species can be further classified into genera, all the species 
in which are more like each other than they are like any species 
outside the genus. 

Thus, the species of plants, charlock, cabbage, cauliflower, 
mustard, turnip, brusscl-sprout are put in the genus Brassica, for 
to the eye of the botanist they are more like each other than they 
are like the wallflower or radish or water-cress which are their 
nearest common relations. Again, the various species of domestic 
mouse are classed in the genus Mus, for they all are more like each 
other than any of them are like their nearest allies the rats, field 
mice, etc. 

In what is this likeness found? One will look for it in cliaracters 
which do not vary much within the species. Thus, colour and 
markings are poor criteria of a species. A conformation, depend- 
ing on tile bones or fleshy parts is a sounder test and perhaps the 
best test of all is the chemical one which is described a little later. 
These genera are further grouped into larger divisions, which are 
again combined into twenty or so phyla, each of which represents 
a totally different pattern of animal or plant. 

Finally, these phyla are grouped into the two Kingdoms of 
Animals and Plants. 

For an example let us return to our mouse. The house-mouse is 
the SPECIES Mas musculus. It belongs to the GE N US Mus, which 
also includes various foreign mice. This genus is grouped with 
the rats, harvest mice, field-mice, etc., to make a SUBFAMILY 
Marina which is grouped with the subfamilies of Gerbils and 
certain foreign water-rats to make the FAMILY of Murida. 
This family with the Dormice, Hamsters, Voles, Lemmings and 
Jerboas are grouped into the SECTION of U^omorpba or mouse- 
like creatures. 

This section joins with the Squirrels, Prairie-dogs, Flying- 
squirrels, Beavers, Porcupines, Guinea-pigs, to make up a 
SUB-ORDER of Simplieidentata which with the sub-order of 
rabbits and hares (Duplicidentata), make the ORDER of Kodentia. 

The rodents differ from the other mammals in having a 



TAt Classes of Aiimals 951 

peculiat chisel-Uke pair of front teeth; these ate adapted for 
gnawing and grow all the time the animal is alive. Most rodents 
have five toes and are vegetable feeders. A good many other 
characteristics arc shared by this order. 

The rodents are a group in the SUB-QIASS of placental 
mammals^ distinguished by having a placenta (p. 926) as a means 
of nourishing the unborn young. The placental mammals with 
the much less important marsupials (k^garoos, etc.), and the 
egg-laying monotremes (like the platypus) form a very well- 
marked CLASS of Mammals. 

Mammals are warm-blooded, hairy, and suckle their young. 
The mammals, birds, reptiles, amphibians, fishes and cyclostomes 
(a primitive kind of fish) together make the SUBPHYLUM of 
Craniata or creatures with skulls. This, with a few primitive 
creatures (c.g., sea-squirts, lancelets) make up the PHYLUM of 
Chordates or Vertebrates, distinguished by having a central 
nervous system (brain and spinal cord) lying alj on one side of the 
digestive system. Now, this whole phylum of vertebrates may be 
thought of as having a structure and working, something like that 
which we have studied in man. I'he otlrer eighteen phyla of 
animals are built on a completely different pattern. Thus, in a 
starfish (phylum of Ecliinodermata) you cannot find any organ 
that you can also find in man. A frog, on the other hand, has 
nearly aU the important organs found in a man. 

This phylum of vertebrates is then grouped with eighteen 
other phyla, among which may be mentioned the arthropods 
(crustaceans, spiders, insects, etc.), die molluscs (snails, bivalves, 
cuttlefish, etc.), the coelenterata (jelly-fish), to make the GRADE 
of Metaspa or many celled animals. The metazoa with the other 
grade of Protospa, single celled creatures, make up the KINGDOM’ 
of Animals. These, with the kingdom of plants (itself divided 
into grades, phyla, etc.), complete the total of living things. 

This classification may seem very cumbrous, but if you have 
a million things to classify, you must have a pretty complex 
system. 

It is obviously hopeless to do more than try to illustrate the 
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working of a few of the creatures of the main phyla, and to show 
how widely or otherwise, they differ from the pattern we have 
discussed. 


MAMliAXS 

Apart from his brain, Man is a rather unspecialised manunal. 
He has not spun his fingers out into a wing like a bat, nor his nose 
into a trunk like an elephant. He has kept all his five fingers or 
toes on each limb. In fact, apart from his naked skin, his lack of a 
tail, the peculiar shape of his head and his erect position, it is not 
unfair to regard him as a typical mammal, and such creatures as 
bats, elephants and horses as divergents from the type. It is 
worth while, however, to spend a little time in seeing how the 
unspecialised type we have described in Man is adapted to suit the 
lives of the various mammals without losing or gaining any 
important part. Au the mammals could be made out of the 
simple type by modifying it: enlarging this bone, bending that one, 
using an old organ for a new purpose or letting a useless one 
dwindle away. 

One of the strongest pieces of evidence for the theory that 
mammals have been derived from a common stock, is that all 
their varied shapes and abilides are the result of variadons on the 
single theme of the vertebrate body. 

The bony structures show this admirably. In Figs. 477-8 arc 
shown the skeleton of a man and a dog. Look first at the limbs 
and feet. All the main bones are not only there, but are roughly 
the same shape. The dog walks on his fingers and has lost his big 
toe and reduced his thumb to a small size. His pelvis is decidedly 
different because he is four-legged. Consequently, it is not a cup 
to support his organs but is rather a means of transmitting the 
thrust of his back legs to his body. The difference in the skidls is 
interesdng. A dog has not much brain to house, but his diet 
requires powerful jaws. In our skull, the jaw bones are 
small, and the frontal and parietal and occipitd bones which 
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Fig. 477-478. — Skeleton of dog and man. For names 
of bones in these and in Figs. 482-485 see list below. 

A, Alisphenotd; An, Angular (= Tympanic); At, 
Aiticular (—Malleus). B, Occipitals; Br, Brancbi- 
ostegal rays. C, Girpals; Ca, Calcaneum; Cl, Clavicle; 
Co, Coracoid. D, Dentary. H, sub-orbicals. 
F, Fibula; Fc, Femur; Fr. frontal. G, Pterygoid. 
H, Humerus; Hm, Hyomandibular (=Colutnclla« 
Stapes). I, Ilium; lo, Interopercular; Is, Ischium, 
Symplictic: Kh, Ceiatohyal; Ko, Co- 
ronoid. L, Lachr>mal; Lc, Cleithrum; Ls, supra- 
Clci thrum; Lt, l^pidotrichal. M, Maxilla; Me, 
Metacarpals; Mp, Paraspbenoid; Ms, Mesethmoid; 
Mt, Metatarsals. N, Nasal. O, Opercular; Op, 
Ptcopcrcular. P, Pdatine; Pa, Parietal; Pm, Pre- 
masilla; Pu, Pubis, Q, Quadrate. R, Radius; Ra, 
Radials; Ri, Ribs. S, Squamosal; Sc, Scapula; St, 
Sternum. T, Tarsals; Ti, Tibia. CJ, Ulna; Us, sub 
opercular. V, Splenial; Va, Abdominal vertebrae; 
Vc, Cervical vertebrae; Vk, Caudal vertebrae; 
VI, Lumbar vertebrae; Vs, Sacral vertebrae; Vt, 
Thoracic vertebrase. W, Prefrontal. X, Phalanges; 
Y, Paraspbenoid. Z, Supra angular; Zt, Supra 
temporal. Numbers 1-5 — digits. 

Noi'e. — ^In human anatomy somewhat different 
names are given. 
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contain the brain are huge. 
But barring the dog’s tail 
bones which we have re- 
duced to a remnant and 
our great toe which the 
dog has dropped, the 
skeleton of the dog is 
bone for bone like ours. 
The bones which have 
been most interestingly 
modified are those of 
the hands and feet. Fig. 
479 shows the remark- 
able things which mam- 
mals have done with 
them. The horse which 
has reduced its toes to 
one useful one, and rudi- 
ments of the others, and 
the bat which has ex- 
tended its fingers to make 
a wing, show the extremes. 

The skin and hair, being 
next to the outer world, 
are organs which are 
pretty extensively modi- 
fied. Man is very excep- 
tional in having a thin 
naked skin. The t3rpical 
mammalian arrangement 
is a fairly thin skin well 
covered with hair, the 
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Fig. 470. — ^Tbe limbs of mammals. Above, 
scapula; Hu, humerus; Ra^ radius; Ul, ulna; 
Ph, phalanges or fingers; Pe, pelvis; Fe, femur; 
or ankle bones; Me, metatarsals; Pb, toes. 


function of which is to entrap air and so make a layer wliich does 
not conduct heat to the exterior. Hair is incidentally a protection 


against injury. No creature, except a mammal, has any true hair 
growing from a root — ^the anatomy of the hair root appears in 
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fore-limbs; below, hind limbs. Bones: Sc, 
Ca, carpal or wrist bones; Me, metatarsals; 
Pa, patella; Ti, tibia.; Fi, fibula; Ta, utsal. 


Plate LXTV — and every 
mammal, except whales 
and dugongs, has some 
hair. Homs (but not ant- 
lers) are really a kind of 
hair cemented into a solid 
mass. The quills of hedge- 
hogs and porcupines are 
modified hairs also. 

A few mammals have 
scales, which is not sur- 
prising since our reptilian 
ancestors were probably 
scaly. Most interesting is 
the fact that hairs on 
mammals with scales are 
grouped in threes or fives 
behind each scale, and 
that mammals who have 
lost their scales often show 
the same arrangement of 
groups. The fine hair on 
the human foetus shows 
this memory of a far 
distant scaly pastl 

The nervous system, 
apart from the brain, is 
not widely different in 
mammals generally and 
in man. The brain, how- 
ever, shows enormous 


differences in development, which are mentioned again apropos 
of the evolution of man (p. 1036); though the brains of rabbit and 
man are recognisably built on the same plan. Fig. 480 shows 
the brains of dogfish, frog and pigeon (which of course 
ate not mammals), and of rabbit, dog, monkey and man. 
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Fig. 480. — ^The btain$ of a few vertebrates drawn as if the 
bases of each were the same length. Ol.b., Olfactory bulb, 
CH., cerebral hemispheres; O.L., optic lobe; Cer, Cerebellum; 
Hy, Pituitary gland; M.O., medulla oblongata (btain-stem); 
o.t., optic tract (i) olfactory nerve, (ii) optic nerve. Note 
that the huge cerebrum of man hides much of the lower 
centres of his bxam. 


The sizes are drawn as if the bases of the brains of all the 
animals in question were of the same length. The cerebral 
hemispheres, which deal with registering and recording of sense 
impressions and the making of skilled movements in response. 
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axe negligible in the dogfish, better in the frog and better still in 
the pigeon, which shows the dawn of intelligence. The rabbit 
shows litde or no advance: its life needs, if anj^ng, less skill of 
movement than the strongly and skilfully flying bird. Its organ 
of smell is well developed, which is characteristic of the mammal. 
The dog has a far better brain. In order to give it more surface 
(the active portion), it is crumpled up into folds. The dog is very 
teachable: he has consequently a large area where he can store his 
sense impressions or memories. His visual area.and his prefrontal 
area(seepp. 1036 £F),andhis auditory area are small, for he does not 
depend on his eyes or reasoning or speech, but his olfactory region 
is huge. A dog can recognise his master doubtfully by sight, but 
certainly by the smell of his trousers — 9. state of affairs that we, 
who could not tell our own wives from other women by their 
smell, find it hard to imagine. The monkey’s brain is larger still, 
for he is a creature leading a highly skilled life swinging among 
the branches and needs very complete and accurate control of his 
muscles. The olfectory region is reduced to very small propor- 
tions while the visual and auditory parts are much increased, for a 
life in the trees gives little scope for smell and much for sight and 
sound. Man’s brain finally is hugely enlarged. It will be seen that 
the chief enlargement is in the auditory region — concerned largely 
with word-images and speech: in the region between the visual and 
the motor region, where, probably the registering of sense impres- 
sions goes on, and most of all in the prefrontal region which prob- 
ably deals with visual images registered in memory, and the associa- 
tion of these. Probably in tiie prefrontal region fhe highest mental 
processes of ingenuity, reasoning and intuition have their seat. 

In the sense organs of tiie mammals, the differences are smaller. 
Many mamm^ have special touch-hairs like the cat’s whiskers. 
These are most highly developed in the night-flying bat tribe. The 
organs of taste in mammals are not very different from those in 
man, but as might be expected, the organs of smell in the nose are 
much more elaborated. Instead of the small area devoted to smell 
in man, the dog has in its nose a most elaborate system of folds of 
thin bone coveted with a membrane in which are the nerve endings 
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of the sense of smell. The other extreme of having very little sense 
of smell is reached in the primates — men, apes and monkeys — and 
in sea-beasts, seals and vrhales. The sperm-whale has not even an 
olfactory nerve. 

Nearly all mammals have efficient eyes built on the same 
principle as the eye of man. The pupils of some form a slit instead 
of a circular hole — ^the cat is a good example. The moles have poor 
eyes — sometimes their eyelids are joined though there is an eye 

beneath. An eye, 
easily irritated by 
earthy particles, is 
a hindrance to the 
mole in his dark 
tunnels. One 
beast, the Austra- 
lian marsupial mole 
NototjeteSy has only 
a rudiment of an 
eye with no lens 
and no rods and 
conesi 

The organs of 
digestion are of the 
same general pat- 
tern in mammals 
but their details 
vary greatly ac- 
cording to whether 
the food needs litde 
digestion or much. 
The ruminants 

Fig. 481. — The digestive system of s hetbivotous — C.g., the COW — 

mammal (above) and of a catnivoroua mammal ore cxamt^les of 
(below). The course of the food in the upper figure u x: ^ j 

is shown by dotted lines and arrows. O, cesophagus type and 

(gullet); Ru, nionen; Re, reticulum; Ps, pudterium; carnivores SUch as 
Ab, abomasum; S, stomach; D, duodenum; S.!., j 

small iotestiiie; Q cascum; Co» colon; R, rectum. uOg, or the 
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second. digestive system is mote like the dog’s than the 

cow’s. The mouth is much alike — ^the mamnuds, by the 
way, ate the only creatures with true movable lips. A few 
creatures (such as the prairie dog), have cheek pouches which 
they can fill with food. The teeth vary enormously according to 
whether they are cutters, crushers or grinders. The tusks of 
walruses and hogs ate simply huge canine teeth used as weapons. 
Those of elephants are exaggerated upper incisors. The tongue is 
of various shapes, but the only important modification in it is the 
homy tongue of the cat tribe adapted for rasping flesh from 
bones. The gullet is again similar in most mammals. The stomach 
of the mammals is normally very like the human, but in the 
ruminants who feed on herbage and chew the cud, the true 
stomach is preceded by three compartments formed out of the 
gullet. When a cow eats grass, it goes in to the rumen (Ru) 
&ence to the reticulum or honeycomb (Re). These are simple 
storage places. It is then “swallowed upwards” and chewed and 
then returned to the “psalterium” (Ps), and the “abomasum” (Ab) 
for true digestion. The intestine of a herbivorous creature has to 
be very long. It usually has a big blind pouch, the caecum, where 
food is stored before it passes to the large intestine, and the large 
intestine is very long and coiled. All this gives the bacteria in the 
intestine a chance to turn the cellulose in the grass, etc., into 
valuable sugar, a trick the mammalian digestive enaymes cannot 
perform. 

BIRDS 

The considerable likeness we have seen among mammals, 
extends to some extent to birds. A bird “works” very much as a 
man does, but there ate certain differences between any bird and 
any mammal. 

Every bird and no mammal has the combination of feathers, 
wings ^ based on an “arm” (not like a bat’s wings which are 
stretched on fingers) and two feet. Were it not for those most 
remarkable beasts. Echidna and the Duckbilled Platypus, we 

1 All birds have wings^ though some (e.g„ penguins and ostriches) no longer fly 
with them. 
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p M N Mp+M> could say diat no mammals had 

beaks and laid eggs and that all 

QAn^ The bird is most beautifully 

adapted for flight indeed, the 
¥ \ feat of sustaining a heavy body 

VI hi the air is so great that without 

V. wide adaptations it could never 
have taken place. We believe that 
birds evolved from reptiles 
^ specialised as runners and leapers: 

Axxstralian collared lizard 

Tijl^ runs on two legs to-day. These 

I j reptiles probably first parachuted 

/ by folds of skin as do the flying 

foxes to-day, and gradually 

evolved their arms into wings. 

' It should be noted that birds 

did not evolve from Pterodac- 

Fio. 482.--p« fowl’s skeleton. (For tyls which had wings of skin 
names of bones seep. 93).) i , , /. 

Stretched between a finger, an 

arm and a leg. The bird’s flight is founded on feathers. These 

are, like hairs, developments of the scales of reptiles, but no one 

has found any intermediate stages between feathers apd scales. 

The first fossil bird, the famous Archseopteryx whose remains 

are shown in Fig. 483, had definite feathers, though its reptilian 

ancestry is obvious in its tail' and tootVied jaws. 

In order to work its wings and accomplish flight, the bird 
must be able to maintain a rapid output of energy, and must be 
light in weight, and must have relatively huge muscles to work its 
wing. To obtain the energy, the birds have developed a high 
temperature: the swallow keeps itself at 1 10® F. It can do this by 
eating tremendously — an owl may eat an average of six whole mice 
a night — and by having a very good non-conducting coat of 
feathers. Its heart is of the efficient four-chambered type, and its 
blood is very rich in oxygen. 
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The bixd gets its 
light weight by 
cutting its bones 
down to the 
lightest. Its bones 
are built like gir- 
ders» and often are 
filled with ait-con- 
taining sacs which 
join its lungs. In 
the albatross, every 
bone but two is 
air-filled. Finally, 
the pectoral 
muscles (shown in 
man in Fig. 43 7) ate 
developed till they 
may be half the 
weight of the bird. 
They are, of course, 
“the breast” of a 
bird which we eat. 
To give these 
muscles a direct 
pull, the sternum, 
which is the breast- 
bone which joins 
the ribs in front, 
grows out into a 
great keel on which 
^e muscles haul. 
All this has had its 
effect on other parts 
of the bird. In order 
that it should be 
able to execute the 



Fig. 485. — ^The fossilized rcmains'’"of Arebaeoptetyx^ the 
most primitive fossil bird. Comnare the skeleton with 
that of bird (Fig. 482) and lizard (Fig. 485). Among 
primitive features note the clawed front limbs, presence 
of teeth and absence of large keeled breastbone 
(reduced 3^ times). (Courtesy of Messrs. Macmillan 
& Co., Ltd., from Parker and Haswell’s Textbook of 
Zoology.) 




Fig. 483a. — nrat:o volans (} natural size). An animal which has evolved a limited 
power of flight. The **wing’* unlike those of any other creature is stretched on 
elongated ribs. It is used only as a plane and cannot be flapped. (Qiurtesy of 
Messrs. Macmillan & Co,, Lid,, from Gadow’s Ampbibta and Keptiks in the 
Cambridge Natural History^ 

delicate feats of balancing needed for flighc in the air and for 
walking on two legs, it develops the cerebellum in its brain which 
is one of the organs for co-ordinating bodily movements. Contrast 
the cerebellum of the frog’s brain and the pigeon’s (Fig. 480). 

The best bird’s brain is poor beside an average mammal’s. 
Birds seem to have strongly emotional feelings and great in- 
stinctive powers, shown in their nest building and migrations. 
But they do not seem to have much power of learning by ex- 
perience. The hawk can be trained, but the acts it will perform 
are very few compared to those of a dog or a horse. A bird, in 
Hying, probably uses the air-currents just as does a man in a glider, 
but does so in the same sort of instinctive way as we adjust our walk 
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to itregularities in the ground. Flight makes the bird enormously 
the most rapid traveller of the animal kingdom. There is every 
reason to believe that the most rapid fliers can travel at 100 miles an 
hour. It is obvious that this enables birds to And safe nesting- 
places and to avoid the rigor and starvation of winter by migration. 

It is not obvious why birds should always have beaks, which 
are really homy immovable lips fastened on to the toothless jaw- 
bones! This organ has developed in very numerous ways. The 
hawk and eagle have a short, sharp beak designed to cut and tear. 
The strong broad bills of the Andies are made to deal with hard 
seeds. The snipe’s is made for probing mud in search of food, 
while the duck’s bill is adapted to take up mud and search it for food. 

The internal organs of the bird differ in many respects from 
ours. Since it does not chew its food, it has usually a pouch in its 
guUct, “the crop,” to store it in, and a part of its stomach 
specialised into a gizzard. This is a strong muscular bag with a 
hard Uning. The bird swallows pebbles which, when mbbed 
against the food by the muscles of the gizzard, reduce it to pulp. 
A bird has no bladder. Its urine is passed to the equivalent of man’s 
rectum. It does not excrete its waste as urea, but as salts of uric acid. 
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The whitish excretion of birds mainly consists of these urates, 
and is a most valuable manure. 

Far the most important of the senses which birds depend on is 
sight. Their sightis very acute, butsince tliey have monocular vision, 
seeing different pictures with each eye, their world-view must be less 
informative than ours. Their hearing is acute but they probably de- 
pend on it but little. Smell is unimportant and taste slight. Covered 
as they are with feadiers, they probably have no acute sense of touch. 
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The breeding and nesting of birds is a fisdnating study for 
which we here have no space; it is perhaps well, however, 
to explain something of the reproductive system of the bird. 

The fertilisation of birds is like that of man in essentials. The 
egg is formed in the ovary as in the human being, but instead of 
being a tiny object, inch in diameter, it may be an inch 
or more across. The egg, as formed in the ovary, consists of the 
germ cell which is tiny and the yolk which is relatively enormous. 
At intervals, the ovary discharges an ovum which travels down 
the oviduct (the uterine tube in man), the walls of which secrete 
the white of the egg. It is fertilised in the oviduct and then 
passes into the shell-gland — the equivalent of the human uterus — 
where a hard shell of calcium carbonate is deposited on it. From 
this it is expelled to the exterior. The germ-cell develops in the 
egg very much as a human germ-cell does, but instead of being 
nourished by products diifused from the mother’s blood, it 
develops a set of vessels which absorb the yolk and white of the 
egg for nourishment. 


REPTILES 

The reptiles, amphibians and fish complete the vertebrates. 
We have only space for a brief survey of their main features. The 
living orders of reptiles are the crocodiles and alligators; the lizards 
and snakes; the tortoises and turtles; and, in an order of its own, 
that archaic beast the Tuatera lizard of New Zealand, remarkable 
for having a third eye on the top of its head. What is a reptile, 
then? It is an air-breathing vertebrate and is cold-blooded. It has 
a scaly skin and lays shelled eggs with yolk and white. Its brain 
has a very small cerebrum, the region concerned with thought and 
conscious action in general. 'Fhese points distinguish a reptile 
from an amphibian like a newt (which lays soft jeUy-covered 
eggs and has a soft skin), and from bkds and mammals which are 
warm-blooded. 

The skeleton of the reptile is not so very widely different from 
that of a bird or mammal. The most notable difference is the 
small and feeble pelvis and scapula, which could only belong to 
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Figs. 484-485. — ^The skeletons of an aniphibkn and of a teptile* (Names 
of bones, p, 933). 


creatures which made no great use (>f their limbs. Many reptiles 
drag themselves on their bellies: the snakes have discarded their 
limbs though they keep an internal vestige of them. The reptile^s 
brain-case is small, the head being mainly jaws. Its internal 
organs are much like the bird’s, but the heart is quite notably 
diflFerent (Fig. 491), The typical reptilian heart is in between the 
mammal-and-bird type D, and the amphibian type C, there being 
an incomplete separation of the ventricles. 

The result of tihis is that all the blood does not go through the 
lungs at every circulation. Consequently, the reptile has worse 
aerated blood than the bird or mammal, and since it is cold- 
blooded too, it is a creature which cannot keep up a sustained 
effort though it may move in swift dashes. 

The senses of reptiles are probably not over-acute. Their 
homy skins are provided with touch corpuscles. Taste certainly 
exists. Hearing is probably moderate to poor. Their eyes are 
quite efficient and their sense of smell, good. Some have also a 
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peculiar scent-organ closed o£F from their noses and opening into 
their mouths: the object of this is clearly to smell the food before 
it is swallowed. 

Among the largest of the modern reptiles are the crocodiles 
and alligators: They have a more efficient heart than most 
reptiles, and though they are sluggish, tliey can move quickly 
enough: they are enormously strong, and have a most formidable 
armoury of teeth. They are most difficult to kiU, and have 
presumably survived their extinct and monstrous cousins by the 
use of their formidable jaws and concealment in water. 

The snakes and lizards form another class. The former have 

someinteresting adapta- 
tions. They have lost 
their limbs and have 
adapted themselves for 
a carnivorous life. Their 
mouths show a most 
complete adaptation to 
this. A snake kills its 
prey by swallowing it 
alive, as a grass-snake 
swallows a frog, or by 
crushing it to death, as 
does a boa, or by poison. 
A snake, in any event, 
swallows its prey whole 
and in order to do this, 
its lower jaw is hinged on to a bone which is itself hinged on to 
the skull, making its gape enormous. Its teeth are set backwards 
and the lower jaw is in two halves linked by an elastic ligament 
at the “chin.” It hooks its teeth into the victim, pushes the 
right half of its lower jaw forward, holding the prey with the 
left half meanwhile. It then hooks the right half into the victim 
again and pulls him further into the throat. The process is 
then repeat^ with the other halfl The poison fangs possessed 
by many snakes are in the upper jaw. Fig. 486 shows how they 



Pig. 486. — Jaws and poison apparatus of a 
snake. BeloWp the hingc^joints of the jaw 
which allow an enormous gape. 
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work. The gland injects the poison through a long sharp tooth 
grooved or hollowed to receive it. 

Snake poison is a mixture of proteins. One destroys the 
blood-cells, another paralyses the nerves. There are two possi- 
bilities of saving a patient bitten by a deadly snake. First, the 
limb should be tightly bound on the heart side of the bite, and the 
punctures opened up widely with a knife, and if possible washed 
out with bleaching powder solution or potassium permanganate. 
This may make the difference between death and a serious illness 
only. The complete cure is an an/mm»e, which is a protein which 
combines with snake venom and tenders it harmless. It is made 
by injecting snake poison into horses, first in tiny doses, then in 
larger ones. The horse becomes inunune to the snake poison, 
i.e., develops a substance in its blood which combines with venom 
and destroys it. The horse is then bled, the serum of the blood is 
separated from the corpuscles, sterilised and sealed up for use. 
The antivenme is a perfect cure for the bite of the snake whose 
venom was used to immunise the horse and also for the bite of 
similar snakes, but two or three antivenines are usually needed 
to treat the bites of all the common snakes of a country. 

Tortoises and turtles are among the few surviving creatures 
which depend on armour for protection. Armour is a very unsafe 
thing. It is a great hindrance to active movement, and once a 
dangerous enemy finds the way in, the race is doomed. The 
reptiles have always had a tendency to develop armour, probably 
as a result of carrying too far the tendency which made them 
develop the soft amphibian skin of their ancestors into homy scales. 

The most interesting of reptiles are, however, the extinct ones. 
In the Jurassic period some 130 million years ago, the reptiles 
were the highest animals in existence, and the world lay open to 
them. They developed in every direction. Some took to a 
vegetable diet and some became carnivorous, some took to the 
water and some to the air. All alike had the poorest type of brain. 
One of tire chief groups of these creatures was the Saurischia, 
who walked or ran on two legs. One such creature developed 
much like an ostrich with powerful hind-legs, a long slender neck 
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Fig. 487. — ^Extinct Reptiles. Left,Triceratops. Centre, Diplodocus. Right 
foreground, Stegosaurus. Right background, Struthiomitnus. (From 
material contained in Dr. W. E. Swinton*s The Dinosaurs (Murby) ). 


and a beak, though instead of an ostridi’s flightless wings, it had 
small arms and hands. Others developed into huge carnivores. 
Tyrannosaurus is an example — ^built something like a vast 
powerful kangaroo, it was some forty feet from nose to tail, and 
stood as high as the eaves of a two-storey house. To this group of 
Saurischia also belonged the Diplodocus (Fig. 487), sixty-five feet 
firom the nose to the whip-like tail. It probably lived in swamps 
and fed on water-plants, for its teeth were so feeble as to be 
unsuited for any but the sloppiest diet. Iguanodon was a feeder 
on tree-boughs, and like Tyrannosaurus, was kangaroo-like. 
The most extraordinary creatures of this kind were the armoured 
Dinosaurs. Stegosaurus is the strangest of these. Triceratops 
(Fig. 487) is the culmination of a series of similar creatures, rather 
resembling the rhinoceros. 

The extinct flying reptiles called Pterodactyls deserve notice, 
for they developed a curious similarity to birds. The wing 
was neither that of bat — (skin stretched on fingers) nor of bird 
.(feathers on arm and fingers), but had skin stretched between the 
arm, an elongated finger and the hind-leg. Like birds, they 
developed a large sternum, and, curiously, a beak. It is difficult to 
see how the sluggish cold-blooded reptile with its imperfect 
circulation gathered the great energy needed for flight. 
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These reptiles died out mote than a hundred million years ago. 
The cause was probably a great change of dimate and perhaps 
the development of effident carnivorous manunals. 


AMPHIBIANS 

The amphibians are still of the vertebrate pattern, but simpler 
than the reptiles. The chief modern amphibia are frogs and toads, 
newts and salamanders. They have a thin moist skin without 
scales. They can breathe to a great extent through this skin. They 
usually lay in water eggs without a shell, wliidi develop into a 
“larva” quite different in structure from the adult. The larva — 
e.g., the tadpole of a frog — has gills and lives a vegetarian 
existence in water; at a certain stage, its thyroid gland produces its 
iodine-containing secretion which makes it lose its gills, develop 
lungs, grow legs and change into a carnivorous land-dwelling 
creature. Tadpoles kept in water containing no iodine grow 
larger and larger but do not change into frogs, while tadpoles fed 
on thyroid gland metamorphose very early into minute frogs. 
The larval method of growth seems curious to us, but the 
mammals, birds and reptiles are actually exceptional in not having 
larvae. Amphibians, fish, insects, crustaceans, molluscs, aU start 
out as creatures wholly different from the adults. Part of the 
significance of this seems to be a sort of recapitulation of the 
race’s history, such as we see in the young human embryo with its 
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fish’s heart and its tail. 
Amphibians evolved 
from fish, their tadpoles 
are fish -like. Insects 
evolved from worms, 
their larvae — maggots 
and caterpillars — are 
wormlike. But the prac- 
tical utility of the larval 
life is that the larva is 
generally wholly adapted 
for feeding and so for 
quick growth and has to 
spend no energy on 
maintaining the sexual 
outfit which the adult 
needs. 

Some creatures, as 
frogs, have a short larval 
existence of weeks, and 
an adult life of years. 
Other amphibia such as 
the axolotl, often kept in 
aquaria, live and breed 
in the larval state, and 
only change into the 
adult form if the water 
dries up. Many insects 
have a long life in the 
larval form, and a very 
short one as an adult. 


tdUHO tuDfotc fnoe 
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Figs. 48S, 489. — Some larvae (left) and the 
scale is adopted, for it would not be possible 
larva on the same scale. 


The mayfly feeds for a year as a somewhat wormlike water 
creature. It lives as an adult only for a few hours: long enough to 


be fertilised and lay its eggs. One American cicada — a grass- 
hopper-like creature — spends 17 years underground as a“nymph,” 
and then emerges for a life of a few weeks as an adult. 



The Classes of Amtnals 951 



Hn\l» BABMACiC 


The relative time spent 
as larva and adult de- 
pends roughly on the 
advantage to the crea- 
ture. A tadpole is much 
more vulnerable than a 
frog — every carnivorous 
aquatic creature feasts on 
them. So the aquatic life 
of the frog tends to be 
short and some toads cut 
out this phase by letting 
the larvae metamorphose 
in eggs carried on the 
female’s back. On the 
other hand, the cicada 
larva is safer under- 
ground than chirping on 
a bush— it therefore tends 
to dwell longer beneath 
the earth in safety. 

In the skeleton of the 




adults (rieht), they grow into. No special 
to show the adult ctw and the minute zooea 


newt shown in Fig. 484 
the very small ribs and 
the very feeble pelvis are 
notable. The first feature 
means that the mechani- 
cal system of breathing 
by lungs has not yet been 
perfected, the second that 
walking is as yet clumsy. 


The senses of amphibia arc quite acute. They have efficient 


eyes. Their ears are very peculiar, however. There is no outer 


ear-drum, but a muscle fibre connects the innermost ear-bone 


(stapes) with the shoulder girdle! In this way the frog is adapted 
for hearing ground-vibration, as of the tread of someone 
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approaching, transmitted by its front legs. It obviously heats 
or^ary sounds, for it uses its new-found lungs to croak 
vigorously to attract possible mates. Nearly all amphibians have 
lungs, though one or two breathe entirely through their skins. 
The amphibian is the simplest creature that breathes air and his 
lung is a simple affair, often a mere sac. His heart is of the three- 
chambered type with two auricles but only one ventricle, thus: 


Aerated blood 

Auricle < 

► Ventricle of heart 

Auricle 

Non-aerated blood 


Lung 

t 

-►I 


System 


This circulation is not as good a one as a mammal’s because 
the blood which has circulated round the body does not all go 
to the lungs to be aerated, while some of the aerated blood goes 
straight back to the lungs again. Some of the amphibia shed 
their eggs and sperm together into die water where the eggs will 
develop. This primitive arrangement is not foimd in all 
amphibia. 


FISH 

Fish are more primitive than amphibians. They have no lungs 
and therefore no voices. They have no legs, though their fins 
are the primitive origins of limbs. There are two classes commonly 
called fishes; besides the true bony fish (Teleosts) there are 
“Selachians,” which include dogfish, sharks, etc. These have no 
true bones but only cartilages; they lack true scales and also lack 
the swim-bladder or air-sac. None the less, much of what we 
say of fish is true of selachians also. 




Fig. 490. — ^'Ihe skeleton of a fish. (For names of bones, see p. 933.) 


Fig. 490 shows a fish’s skeleton which is obviously very 
different from any other vertebrate’s. The skull is a very compli- 
cated system of bony plates covering a sort of gristly box. This 
elaborate skull has been simplified by all the other vertebrates 
whidahave originated fromfish. There is a well-developed vertebral 
column and ribs. The paired fins, the pectoral and pelvic (Fig. 490) 
correspond to the legs of amphibians and higher creatures, and as 
Fig. 485 shows, they have something of the same structure. 

The digestive arrangements are not unlike those in other 
vertebrates. Fish have very small brains with generally a good 
cerebellum which deals with the posture and activities concerned 
in swimming, but almost no cerebrum which is concerned with 
sense impressions and thought. The goggle-eyed mud-hopper fish 
Periophthalmus, which have largely abandoned swimming in fiivour 
of a life on the surface of the mud of swamps have, on the other 
hand, a fair cerebrum and little cerebellum, for such a life demands 
the alert use of the eyes. Fish have a sense of smell, and also of 
hearing, probably neither very acute. Their labyrinth and semi- 
circular canals are very well developed, for a sense of position is 
urgently needed by a creature surrounded on aU sides by water. 
Their eyes arc probably not really capable of acute vision. Fish 
have an organ which no other vettebiate has — the “lateral line” — 
which is a system of water-tubes communicating with tiie exterior 
and provided with nerve-endings; its object is to detect water 
movements. 
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The circulation in a fish is interesting. It has a two-chambered 
heart (Fig. 491), with one auricle receiving all the blood from 
the veins. The single ventricle pumps this through the gills, 
where it receives air, and so round the body. 

The system of branching arteries to the gills persists in the 



young of embryos of 
higher creatures. It 
is interesting to see 

Fig. 491. — The circulation 
in (A) amphiozua; (B) a 
fish; (Q an amphibian; 
(D) a mammal. Oxy- 
genated blood is shown 
as black dots, de-osy- 
gcnatcd blood as circles. 
(A) blood passes up the 
centra] vessel, through 
the gill-arches and thence 
to the rest of the bcxly. 
There is no heart, but 
the central vessel can 
contract. (B) there is a 
true heart. The gill 
arches are fewer. (Qthe 
heart has two auricles 
and one ventricle. The 
system of blood vessels 
is based on the gill arches 
of the dsh. (D) there are 
two auricles and two 
ventricles. The likeness 
of the circulation to the 
fish’s is further reduced. 

Names of vessels, etc.: 
a, auricle; b, bulbus arte- 
riosus; c, coriiac artery; 
ca, carotid artery; da, 
dorsal aorta; hs, hepatic 
sinus; hy, hepatic vein; 
la, left auricle; Iv, left 
ventricle; pa, pulmonary 
artery; pv, pulmonary 
vein; pcs, prccaval sinus; 
pcv, precaval vein; ra, 
right auricle; rv, right 
ventricle; sc, subdavian 
artery; sv, sinus venosus; 
V, ventricle; va, ventral 
aorta. 
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how the branchings are reduced from (A) amphioxus, the most 
primitive fish through ordinary bony fish (B), to amphibia (Q, 
which retain some of the bran^es to mammals (D), which have 
dropped all but one. 

Gills are comb-like structures of tissue permeated with blood- 
vessels; their function is to bring the blood as close as possible 
to the water, the dissolved sdr of which aerates the blood. They 
are fed with water which enters by the mouth, passes through 
slits in the back of the throat over the gill filaments and out by 
the gin slits just behind the head. 

Every rapidly swimming creature has developed a bluntly 
pointed head and a long tapering body, the true streamlined 
form (p. 101). It is perfectly seen in herrings, cod and other 
ocean fish. Even bottom-dwelling fish adopt this shape, flattening 
themselves out in addition. The flat-fish is a curious adaptation. 
On the fishmonger’s stall die plaice looks absurd, but go and 
watch him in the aquarium at the Zoo. On the bottom he is 
almost invisible and a nimble swimmer as well. These flat-fish 
are not lying on their bellies but on their sides. Consequently 
one eye, in order not to remain useless, has migrated to the other 
side. The young flat-fish still repeats his past. The fry have 
normal eyes, which only gradually shift to the same side of the 
body. 

The world of the sea is almost wholly a carnivorous one. The 
majority of mammals live peacefully on plants, but the plants in 
the open sea are mostly microscopic single-celled creatures like 
diatoms. These green plants take their sustenance from carbon 
dioxide and water and the rather scanty nitrates of the ocean. 
Being green plants, they flourish only on the ocean’s surface 
where light abounds. They are too small for any fish to eat, but 
tiny crustaceans — ^such as copepods, a sort of water flea — eat 
them. Herrings and such fish devour the copepods, and larger 
carnivorous fish, such as tunny, devour the herrings. In the 
depths of the sea, where the water is cold, slowly moving and 
pitch dark, dwell incredible creatures which get their living from 
the rain of dead which sink from above. They are extraordinarily 
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Pig. 492. — deep-sea angler fish with parasitic males. (G>urtesy of Messrs. 
Gerald Duckworth & Co., Ltd., from Boulcnger*s A Natural Hisfory of the Sea; 
artist, L. R. BrightwcU.) 


specialised. They have huge jaws, for food is rare in those depths 
and once seized must not be lost. Some have enormous eyes to 
catch the faint glimpses of light from above. Most of them are 
illuminated by phosphorescent organs, the object being probably 
to enable the female and male to find each other. This is a real 
difficulty in these black, sparsely inhabited depths. One extra- 
ordinary way of solving it is that of the parasitic male. The tiny 
male attaches himself to the female’s body and his jaws become 
continuous with her tissues so that, like an embryo, he is nourished 
by her blood stream. His organs, other than his organs of sex, 
atrophy, but when the female sheds her eggs, he can shed his 
sperm into die water at the same time. 

The swimming of a fish is accomplished partly by fin-motions, 
but mostly by the tail propelled by the powerful body muscles. 
The economy of movement is beautiful to watch and well repays 
half an hour at the Zoo aquarium. 

Fish are the simplest of the important vertebrates. A simpler 
family still, allied to the vertebrates, deserves notice. The sea- 
squirt hatches into a well-organised creature with a simple 
nervous system, a notochord or primitive backbone and a 
swimming tail very like a tadpole (Fig. 488). But the “tadpole” 
attaches a sucker to a rock, his tail dwindles, most of his organs 
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disappear aad he cads as a bag, looking very much like a simple 
seaweed. 

Now all these Vertebrates — ^Mammals, Birds, Reptiles, Amphi- 
bians and Fish — are quite recognisably built on the same plan, 
while the test of the animal kingdom is entirely different in con- 
struction. All the Vertebrates have bones arranged on the same 
plan of a skull, backbone and limbs or fins. All of them have a 
heart which pumps blood round their body in a closed circuit: their 
blood is red. They have a mouth with jaws (except in the case 
of a few of the simplest fish), their digestive equipment includes 
stomach, small intestine, large intestine, liver and pancreas. 
They have only two functional eyes, each with a lens and retina. 
Extraordinary as it may seem, none of these familiar features is 
reproduced in the other phyla of animals. We do not have much 
opportunity of inspecting the interiors of other creatures than 
m a mma ls or birds, but if you are dressing a crab or eating an 
oyster, you find nothing in it which is obviously to be identified 
with what you find when gutting a rabbit. 

ARTHROPODS 

The most important phylum after the chordates— as far as 
number and economic importance goes — is that of the arthropods 
of which the chief members are the crustaceans, the insects and 
the spider and scorpion tribe. Fig. 495 shows how a crayfish — 
a typical crustacean — ^is arranged. Fi'rst of all, he has no bones, 
but in place of them a hard shell of a material called chitin— 
somewhat akin to cellulose. 

Instead of moving his limbs by muscles pulling on bones, he 
moves them by muscles pulling on his body shell, which is, in* 
fact, an outside skeleton. This is a quite efficient arrangement, 
as anyone who has been nipped by a lobster will agree, but it 
has the grave disadvantage that the shell does not grow, and 
when the lobster inside finds it too tight he must moult. He 
discards his whole shell, claws and all, and is then perfectly soft 
and defenceless for a day or two while a new shell is forming. 
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Fig. 4^3. — The internal anangementt of a crayfish — a typical arthropod. 
S = “Brain** A = antenna 

kidney (green gland) 


M= mouth 
E=s gullet 

digestive gland (“liver**) 
G=gi 2 zard 
H« heart 
1»E intestine 


A = antenna 
N= Vcnttal nerve-cord 
Fa=Swimmcrets 

Y=MaxtUipede (limb acting aa 
mouth parts 

Dotted lines represent blood- 
vessels 


All arthropods have a shell or skin of chitin and all have to 
moult. It is not disadvantageous to a soft creature to moult, 
but a shelly one is put in great danger by it. 

The crayfish’s limbs are quite unlike a mammal’s. He has a 
large number of appendages (nineteen pairs), some of which are 
specialised into feelers — antenns — some into jaws of a kind, 
others into claws, others into legs, others into swimmers. All 
arthropods have these or some of these “appendages,” but turn 
them to very different uses. Internally the crayfish is quite unlike 
a vertebrate. His main nerve nms from tail to head along the 
front instead of the back. It has numerous ganglia like little 
brains all along it and a bigger one at the top which serves the 
eye. There is little space for the storing of impressions. This 
nerve system — judging from the equipment of a vertebrate — 
will do little or no more than our spinal cord. It will enable 
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the cteature to co-ordinate its bodily movements, for all nerves 
join up to it, and it will provide a system of reflexes by which 
certain stimuli produce certain results. 

The senses of a crayfish must be very different from ours. Its 
hard shell has probably little or no touch sense. Its organs of 
hearing are very primitive and are more important as balancers 
(p. 895) than as sound receivers. The eyes are rather like those 
of insects (p. 960), but poorly developed, and its vision must be 
wholly unlike ours. The crayfish’s antennae are undoubtedly 
delicate sense organs, both of touch and probably of some 
“chemical sense” like smell or taste. 

The blood circulation of the crustacean is, by vertebrate stan- 
dards, very poor; we must remember, though, that a small cold- 
blooded animal needs less circulation. A small warm-blooded 
animal, by the way, needs a very rapid circulation, for it cools 
so quickly that its heat-producing chemical reactions must 
proceed very rapidly. A mouse’s pulse beats at the rate of 600 
to the minute. The crustacean heart is a bag with inlet valves 
like a bellows. It forces the blood through arteries, which end in 
openings so that the blood pours into the spaces between the 
organs and finds its way back as best it can. Some Crustacea 
dispense with a heart and circulation and trust to their movements 
to keep their blood going. The blood is usually colourless and 
its oxygen-carrying power is poor. 

Crustacea generally breathe by gills and have a peculiar 
“baler” organ which pumps water over them. 

The digestive arrangement is unlike ours. The food is cut 
up by mouth-parts which arc really modified legs and sent to a 
large muscular gizzard, sometimes with teeth in it. Instead of 
our liver and pancreas, one large digestive gland does the work 
of both. 

Crustacea lay eggs, but they do not always hatch into recog- 
nisable Crustacea. They commonly start as a larva and change 
into a crustacean. Fig. 489 shows two stages of the ordinary 
crab. 

The Crustacea are found as far back as the Silurian period; they 
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have held their own then for some 400,000,000 years. They are 
chiefly water-dwellers. Lobsters, crabs, prawns, shrimps, 
barnacles and water-fleas and hosts of minor and unfamiliar 
creatures make up the water Crustacea. Woodlice are the most 
familiar of land-crustaceans. 

The other main division of the arthropods is the insects. Just 
as the crustaceans have not done much to colonise the land, so 
the insects are not at home in the water. An insect is funda- 
mentally like a crustacean. It has no bones, but instead a shell 
or skin of chitin on which its muscles pull. Its mouth parts, too, 
are modified legs. Its circulation is like the lobster’s, and die 
chief internal difference between the two is the breathing system. 
An insect is permeated by air-tubes or tracheae, which branch 
into most of the organs. An insect at rest is usually seen 
to be expanding and contracting its body — an action well seen 
in a wasp. By doing this, it is drawing in and squeezing out air 
from the tracheae. An insect’s extraordinary compoimd eyes are 
worth notice. The eye of a fly or bee consists of hundreds or 
thousands of tiny eyelets, each focussing the light in front of it 
on to a sensitive end organ (Plate XL VI). It is not correct to 
suppose that each of tliese eyelets forms a complete picture of the 
landscape; each focusses on to its nerve-end an image of the piece 
of the field of view immediately in front of it. In this way, a 
whole picture — probably indistinct, is built up. Insects are very 
quick to detect a moving object, as you see if you tty to catch a 
fly, but they seem to have little perception of the shape of things. 
Their antenna; contain very sensitive organs, probably of toucli 
and smell. 

The insect in nearly all cases lays eggs, and these arc usually 
fertilised, though not always. The drone (male) bee comes from 
an unfertilised egg and unfertilised green-fly produce living 
young. In all insects, however, sexual generation sometimes 
occurs. The newly hatched insect may be exactly like the adult, 
but this is rare. The egg may hatch into a “nymph,” which is 
much like the adult insect, but lacks wings and sexual parts. 
Cockroaches and dragon-flies illustrate this. But usually the 





PJ^TE XLVIII 






The Classes of Animals 961 

cieatute which appears from the egg is worm-like. A caterpillar 
is a good example of a well-developed larva which can walk and 
find its food; a fly-maggot is the simplest type of larva, which is 
only able to exist in a rich food supply. 

llie larva’s function is to eat and grow and its body contains 
little else but digestive organs. It grows and moults; and, when 
fully grown, it becomes a pupa, a passive creature which neither 
moves nor feeds. The chrysaJis of a butterfly is a pupa, as is also 
what is incorreedy called an ant’s egg. A most extraordinary 
change takes place within the pupa. Inside the caterpillar, before 
it pupates, buds, destined to form the legs, wings, etc., of the 
perfect insect, have formed. In the pupa the organs of the larva 
break down and lose their form and practically digest themselves, 
acting as food for these buds, which grow into the organs of the 
perfect insect. This, then, splits the pupa and emerges. The wings 
of an insect are limp and tiny when it leaves the pupa. Blood is 
pumped into them from the body: they enlarge, dry and harden. 
The growth and hardening of a butterfly’s wings is a most 
impressive sight. 

There are just on half a million kinds of insect known. They 
must outnumber all other creatures except the single-celled 
microscopic ones. Think of the cockroaches, grasshoppers, 
locusts, earwigs, mayflies, dragon-flies, termites, lice, aphids, 
beetles, moths, butterflies, houseflies, bluebottles, fleas, ants, 
bees and wasps. They are an ancient family and seem to have 
been among the first land creatures to be evolved. They were 
the first living creatures to conquer the air. Even in the remote 
periods when the first coal-swamps were storing power for us 
to squander, great dragon-flies winged their way over the 
desolate marshes. 

The insect wing is not a modified limb, as are all the types 
of vertebrate wing, but a completely new structure. Also it is 
not muscular; in nearly all insects the wings are moved by means 
of muscles, which alter the shape of the thorax or chest; only in 
dragon-flies are the chief muscles attached directly to the base 
of the wing; and no insect has muscles in its wings as the flying 
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vertebrates have. An insect has typically two pairs of wings, 
but for efficiency in flight there is a tendency either to link them 
together as in bees, or to lose one pair, as in flies whose hind wings 
are represented by mere knobs. 

The great success of the insect tribe is probably due to this 
early conquest of the air, to their extreme fertility and to their 
small size, all of which features have combined to make the race 
survive. They have little or no power to learn, it would seem, 
but they have instincts — inborn nerve mechanisms — which make 
them perform the right actions for survival, and they are so 
fertile that the race is none the worse if the vast majority die 
before maturity. Insects get a living in almost all of the recog- 
nised ways. A great number devour vegetation, locusts and 
caterpillars, for example; others, as aphids, suck its juices, other 
insects, such as bees, gather nectar from plants and benefit then 
by fertilising them. A good many insects arc scavengers: the 
common housefly is a good example. Objectionable as it is in 
bringing dirt from rubbish heaps and latrines on to food, its 
natural function of removing decaying animal matter is harmless 
enough. Some insects, like wasps, are largely carnivorous, preying 
on other insects. Many insects are parasites: the human flea and 
louse and bug and mosquito are examples of parasites which 
feed on the exterior of their hosts. Far more unpleasant are 
those that live within. The ichneumon fly deposits an egg in a 
caterpillar. A grub hatches and lives on the caterpillar’s blood 
and fat, avoiding its vital organs, for to destroy these would be 
its own destruction. The full-fed parasites Anally kill the cater- 
pillar and emerge. 

The most remarkable way of living is the communal one 
practised by termites, ants, bees and wasps. The great cities 
of bees and ants seem to have arisen from a family affair where 
the mother guards her offspring till hatched. All stages from 
solitariness to complete specialised communities are found among 
bees. 

The wasps have rather simple communities. The queen is 
fertilised in the autumn and hibernates through the winter. In 
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spiing she starts a nest (underground in tbe case of the common 
wasp) by lining a cavity in the ground with paper — chewed 
vegetable fibre. Here she lays a number of eggs and feeds the 
larvse which hatch from them with chewed catcrpillan or flies. 
These wasps, in a month or six weeks, are adults. They are not, 
adults, however, like the queen, but are sterile females, the 
workers. They take on the task of nest-making and the queen 
gives up work and devotes herself to egg-laying only. At the 
end of the season the larva: are better fed> and for this reason 
develop into queens instead of workers. These are fertilised by 
the males and hibernate till next spring. 

The bees have a more complicated existence. They live on 
flowers. The flower secretes a solution of cane-sugar (nectar) to 
attract the bee. The bee sucks this into its. “stomach,” where it 
is digested to glucose and fructose: this it regurgitates as honey. 
They also gather pollen on their hairy bodies and they carry a 
sort of basket of hairs on their legs to contain it. Wax is manu- 
factured by the bee and exudes from the joints of the abdomen. 
There are literally hundreds of kinds of bee, but the common 
hive-bee is the best studied. The hive-bee colonies are much 
bigger than wasp-colonies. A strong stock of bees may contain 
twenty thousand individuals. The bees build their combs of wax 
and use these for several purposes. In parts honey is stored, in 
others pollen is kept, and in others the bee larvae, maggot- like 
creatures, are reared. The queen-bee is fertilised only once in her 
life. She stores the sperm and allows a tiny portion to reach each 
egg as laid and she commonly lays more than a millionl These 
ferdlised eggs hatch into larvae. The workers feed these on a 
rich food, “royal jelly,” secreted by the workers. An ordin^ 
fertilised egg, reared in a specially large cell and fed on royal jelly 
till it becomes an adult eventually becomes a queen, but the 
worker bee receives it for only four days and then is fed on 
honey and digested pollen. The new hatched worker-bee works 
in a hive for a few days: she then goes out collecting nectar and 
pollen and in the busy period of the honey-flow dies, exhausted, 
before two months have elapsed. A bee-colony remains slightly 
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active all the winter. The workers gather into a cluster and so 
conserve the warmth of their bodies; a bee once chilled to 40*’ F. 
will never recover. The male bee or drone is produced from an 
egg which the queen does not fertilise from her store of sperm. 
When a new queen has been reared, she may either fight to the 
death with the old queen, or, if the hive is overcrowded, the old 
queen departs with a swarm of workers to found a new colony. 

Ants may have a more complicated system than bees, for 
instead of the “castes” of queen, worker and drone, they have 
more than one “caste” of workers — thus, some may be specialised 
as soldiers and others as mere storage barrels, who remain with 
crops hugely distended with honey. The habits of ants ate a 
study in themselves; their tending of aphids for the sake of the 
honey they exude, their growing of fungi for food, their en- 
slaving of other ants, are all most curious parallels to human 
institutions. 

Termites or white ants, which are not ants at all, are the most 
specialised. They live chiefly on wood and cause great damage. 
They cannot tolerate the light and so they build tunnels of eanb 
running from their nests to their food. The huge nests are 
conspicuous objects in a tropical landscape. They have a most 
complicated caste system, lliey have three castes of egg-laying 
members and two castes of sterile ones, workers and soldiers. 
Some of the soldiers have powerful jaws, while the "nasute” 
soldiers have an extraordinary swollen head containing glands 
and a projecting tube; they practise a sort of chemical warfare by 
producing a pungent secretion from tliese glands. Termites grow 
fungi in ^eir nests and use them to feed their “royal caste” and 
also their young. 

The spectacle of these insect colonies is a strange one. They 
are superficially like human colonies, but their behaviour is quite 
stereotyped. The wasps and ants and bees and termites will go 
on year after year in an unchanging sequence. They are a State 
without politics. The worker bee of a certain age is incapable 
of doing otherwise than gather nectar and pollen and bring it 
home. She may have feelings of satisfaction — this we can only 
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gue$s at — but theie is no possibility of departure from the toimd 
save by the slow processes of evolution. 

MOLLUSCS 

The molluscs are an ancient and quite successful race. They are 
not very prominent on land, though snails and slugs are repre- 
sented by a great number of species. In the sea, very many more 

forms exist, the most developed 
being the cuttlefish family, some 
of which are gigantic in sixe. In 
Fig. 494 is a diagram of a sndl. 
The largest part of a snail is the 
foot-muscle on which it creeps 
by expanding it and contracting 
it in waves which are best under- 
stood by setting a slug or snail 
to crawl on a sheet of glass and 
watching the sole. 

Fig. 494. — ^The snail, a typical mollosc 
B— buccal mass 

nerve-ling (nerves as black lines). 
S= salivary gland 
C=crop 
R=tecnun 
Ai^anus 

U=auricle of heart 
V SB ventricle of heart 
T SB intestine 
Pas veins 
Aroattety 

The foot, unlike the muscles we have met hitherto, does not 
pull on to any hard part: it is a tangle of muscle fibres which just 
contracts and expands. A snail has a simple heart and drculatory 
system: in many molluscs, the intestine passes through the middle 
of the heart! The blood is aerated by gills in water fonns and by 
a simple lung in land forms. Certain molluscs have very curious 
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respiratory pigments like our haemoglobin, but containing copper 
or manganese instead of iron. 

The haemocyanin, which carries the air in the water-snail’s 
blood, is distinguished as having the largest known molecule, 
with a weight about six million times that of an atom of hydrogen. 
This vast assemblage of atoms may be about xnonn 
diameter, and so is not so much smaller than the largest particle 
a good microscope can see. 

The molluscs have a well-organised digestive system. The 
snail has a homy file in its mouth for rasping vegetation to bits. 
It has salivary glands and a digestive gland — combined liver and 
pancreas. Certain molluscs (but not the snail) have a curious 
organ called a crystalline style. This is a transparent rod which 
fits into a pouch of the intestine. The end gradually wears away 
during digestion and it is believed that it is either a store of 
enzymes or a food reserve. The nervous system is very simple. 
The chief sense organ is the eye, which is a fairly efficient arrange- 
ment with a lens and retina. No real brain exists, but a thick 
ting of nerve tissue loops round what corresponds to our throat. 
This resembles a brain in being the part from which the nerves 
to eyes, tentacles and body diverge. 

The cuttlefishes and octopuses are the most highly organised 
of molluscs. Their internal organs are not unlike the snail’s. 
The cuttlefish and snail ate built on the same plan, it is true, but 
then so are the elephant and the bat, and the difference between 
the giant squid and the land snail is quite as great. 

The muscular foot of the snail is represented by a ring of 
tentacles studded with suckers. The cuttlefish grips his prey by 
pressing the sucker against it, then forcibly enlarging the hollow 
of the sucker. A partial vacuum is produced and the pressure of 
the water and the air above it holds the prey to the tentacle. 

The snail’s shell is represented by the well-known cuttlebone 
which is bedded within the back of the animal. The cuttlefish 
swims with its tentacles trailing behind; its chief means of move- 
ment is to sudt water into its body cavity and eject it backwards, 
so pushing itself forward in the same way as does a sky-rocket 
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(p. 670). This sucking in and blowing out of water provides a 
supply of aerated water which passes over its gills. The most 
interesting possession of the cuttlefish is its ink-gland, which 
secretes a dark coloured substance at the bottom of a sort of 
bulb tube. When a cutdefish is frightened or pursued, it ejects 
a cloud of deep brown “sepia” into the water and turns sharply 
aside, thus eluding its not highly intelligent pursuers. 

The cuttlefishes, octopuses and squids ^ have very well- 
developed eyes, curiously impressive to the human observer. 
They are carnivorous. The squids are some of the largest 
creatures known. It seems extraordinary that a vast creature, 
whose body apart from its tentacles may measure 20 feet , in 
length, is without any proper brain. Little is known of these 
vast deep-sea squids. Stories are told of tremendous creatures 
covering as much as an acre, but no doubt the seaman’s imagina- 
tion has been at work. 


ANNELIDS 

Simpler again than the arthropods or molluscs are the annelids 
or segmented worms, familiar members of which are the earth- 
worm and the leech. A great many worms exist, but most are 
inconspicuous water-dwelling creatures. A worm is distinguished 
by its bristles. Perhaps you have never noticed the bristles on 
t^ earthworm, which certainly looks pretty bald, but they can 
be felt by running the finger over its surface. It has eight bristles 
on each segment. They ate directed backwards and by catching 
in the earth give the worm a hold by which it can pull itself along. 
Its nervous system is a cord running down the front of the belly. 
There is no real heart, only two vessels which run down front and 
back and intercommunicate by passages, some of which are con- 
tractile and function as hearts. No digestive gland exists. A worm 
has no kidne3rs; instead, it has nephridia, each of which is a long 
fine coiled tube discharging to the exterior, it probably works like 
a single tubule of a mammal’s kidney. The worm has many of 
these. Worms live by swallowing earth or decayed leaves and 
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Fro. 495. — An annelid — the earthwomi. 


S=ssupta>Ge8ophageal ganglion 
(neaxest equivalent to a brain) 
P= pharynx 
C«*crop 
Gs: gizzard 
N *= nenroua system 


I ~ intestine 
H» contractile vessels 
functioning as hearts 
D=s dorsal blood vessels 
V= ventral blood vessel 
C=:clitelluin (site of sex organs^ 


digesting the organic matter. The worm population may be 
hundreds to the square yard. Their continual burrowings admit 
air to the soil and make it more porous, atid their vast numbers 
make the amount of earth they discharge at the surface quite 
appreciable. Darwin, in his fascinating book. The Formation of 
VefftMe Mould Through the Aetion of Worms with Observations 
on Their Habits^ calculates than in ten years earthworms bring 
up enough earth to cover the grotmd one or two inches thiek, 


ECHmODERMATA 

The echinodermata — ^the starfish is the one we know best — are 
extraordinarily unlike any other set of creatures. They have been 
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Fro. 496. — An cchinoderm, the starfish. The £ve rays are identical, 
but diETecent structures are illustrated in each. Starting from top 
left ray(ncrvc-systcin), N= radial nerve; R== nerve-ring. Top right 
ray. Water system, W == radial water-vessel; AT ~ ampulhe opetat- 
ing tube feet; 0 =s water ring canal; M=madreporite (sieve plate ad* 
mitting water). Middle right ray. External appearance. D= 
plates of calcium carbonate; T=tube feet. Lower right ray. 
Digestive system. P=gut; stomach; A = anus. Lower left-ray, 

relation of above to each other. 

evolving for some 400,000,000 years and have established their 
place and hold it. 

The starfish is one of the commonest sea-shore creatures and 
can become a very great nuisance by opening and eating oystersl 
All the creatures we have studied have at least had a front and 
and back end, but the starfish has none. Any of its five rays can 
lead the way. Its most characteristic organ is its water system. 
A ring-shaped canal runs round its centre and sends branches 
into each of the rays. From tfie underside of the rays pass out 




970 


The World of Scum 



Fig. 497. — The tube-feet of a starfish; (a) retracted; 
(b) applied to a surface by contracting the am- 
pulla and forcing water into the tube; (c) the 
ampulla partlv expanded, withdrawing water 
ana causing the foot 10 act as a sucker. 


hollow fingers which can 
be infiated with water 
from the central canal. 
When the water is drawn 
from them again by 
muscles acting on the 
bulbs projecting from 
the central canal, they 
act like suckers. The 
starfish uses them to 
walk with, he uses them 


to pass food into his 
mouth and, astonishingly, he uses them to open an oyster. 
The starfish grips both valves of the oyster with its rays 
and steadily and gently pulls. The oyster’s shell-closing muscle 
is powerful, but it soon tires and the oyster opens. The 
starfish eats it by turning its stomach inside out and applying it 
to the oysterl They are great enemies of oyster fisheries and 
cause hundreds of thousands of pounds’ worth of damage in the 
year. I’he stomach of the starfish can digest food outside the 
creature, but it also has a gut (Fig. 496). It has blood but no 
circulating system and no lungs or gills. The blood just occupies 
the spaces between its organs. A ting of nerve surrounds the 


mouth and sends branches into each ray. The top of a starfish 
is armoured with little plates of calcium carbonate buried in the 


skin. It has on it very odd organs called 
pedicellariae — little pincers. These are used 
for defence. Other creatures allied to the 
starfish are the sea-urchins, sea-lilies and 
sea-cucumbers — ail built on the radiating 
plan. But this phylum of Radiata are 
evolved from ordinarj' creatures with “left- 
and-right” symmetry, for their larvae only 
develop their radiating form some time 
after hatching; 



Fig. 498.— The tiny 
pincecs which the 
starfish can use ax a 
means of defence. 
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THE FLATWORMS 


The phyla simpler than those we have mentioned contain very 
simple creatures indeed. Thus, the flatworms are just a digestive 
tube, ramifying like a tree to the farthest corners of the body, and 
a reproductive system. Some have simple sense organs, a 
primitive eye and touch organ. These lowly creatures are worth 
a mention because they include some of the worst of parasites 
and because they have such extraordinary life histories. They are 
without blood or circulation, consequently the alimentary canal 
has to branch into every part of the animal to feed it. Their only 
organs are, first, the mouth and gut (many have no posterior 
opening at all); secondly, a simple excretory system; thirdly, a 
very complete and large set of reproductive organs. There arc 
nerve cords and a small enlargement on them which might be 
called a brain. The parasitic kinds have no eyes, but have usually 
suckers with which to keep their hold on their hosts. 


The really interesting 
thing about the parasitic 
worms is the way many 
of them have to find two 
hosts to support them. 
The liver-fluke which 
causes a disease of sheep 
called “liver-rot” is a 
good example of this 
strange way of living. 
The grown-up liver- 
fluke inhabits the bile- 
ducts which lead from 
the liver of a sheep to 
its intestine. These 
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forms lay eggs which 
pass out of the sheep 
with its droppings. 


Fig. 499. — The life history of the liver-fluke. 
The different stages are not on the same scale. 
The adult duke is natural size, the other stages 
ate micioscopic objects. 



97 ^ Tbe World of Saence 

These eggs hatch if suitably moist and warm suttoundings are 
to be found; but they hatch into a minute larva (miracidium) 
which can swim by cilia (Fig. 504, p. 977). This quests around 
xmtil it finds a water-snail of a particular species and bores 
through its skin, where it changes and grows into a sac (sporo- 
cyst) in which arise by budding simple creatures called redbe 
which have a sucker and an intestine. 

These redis bud internally into minute free-swimming larvae 
called cercaria. These escape from the snail and swim to some 
solid object like a blade of grass. Here they attach themselves, 
lose their tails and settle down to be passive cysts and wait 
till a sheep swallows them. They then grow up to liver -fiukes 
once morel One might think it was impossible for the creature 
to complete its life-history if it had to wait for the co-operation 
of a sheep and a water-snail. But the fluke lays thousands of eggs; 
only one egg need reach the water-snail. Once there, it produces 
many redisc, which each produce many cercariae, only one of 
whi(^ need reach a sheep. The remedy for this disease is simply 
to avoid pasturing sheep in low-lying fields which are flooded 
from streams. Cattle are safe in such fields, however. 

Man is attacked by half a dozen of these creatures, including 
a lung-fluke, which inhabits first a mollusc as a cercaria, then a 
fresh-water crab or crayfish in which it forms a cyst. Man 
becomes infected by eating these. The tapeworms belong to this 
phylum. One of these lives as an adult in a dog’s intestine and 
the eggs pass out with the dog’s droppings. If an animal — sheep 
cattle, or man — eats vegetables soiled with these, the eggs grow 
into huge cysts in the liver, usually as big as an orange or even 
a melon. These of course often kill the host by mere pressure 
and the bursting of the cyst liberates poisons which can cause 
dangerous shock. Wild animals are terribly infested by these 
parasites . Gvilised man is almost free of them, chiefly ^causc 
he does not let his food become contaminated with dirty water 
or animal droppings, and moreover, does not let untreated 
sewage, which may possibly contain eggs of parasites, enter his 
rivers. A terrible scourge of the tropics is a “round-worm” 
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known as the hook-worm, a parasite which fortunately for us 
cannot complete its life-cycle in cool climates, but whit^ infests 
500,000,000 people who dwell in tropical countries and causes a 
wretched state of anaemia and weakness. This creature dwells in 
the small intestine of man and sucks blood from its walls. It 
lays eggs which pass out with the faeces. In communities whose 
lavatory is the world at large, this means that the ground is widely 
sown with hookworm eggs. These hatch into larvae which 
inhabit the soil and bore through the sole of a bare foot walking 
on it. The blood carries them to the lung^ and they bore their 
way to the air passages. Like every foreign substance in the lung, 
they are coughed up and then swallowed and so reach the small 
intestine and start life again as hookworms. The cycle could be 
interrupted by making natives adopt civilised sanitary habits — 
which seems impossible — or by kilhng all the hookworms in all 
the people of a community, so that egg infection ceases. 

The hookworm is tough — ^what will kill him is apt to kill 
you; but doses of 3 cc. of carbon tetrachloride in a capsule which 
is digested in the small intestine is an efficient though rather 
a dangerous cure. Thymol is safer. 

These simple but sini-ster creatures are almost unknown to us 
dwellers in cool, civilised and highly sanitary countries; those 
who advocate a “return to nature” should not forget the hook- 
worm, the tapeworm, the lung-fluke and a host of other bringers 
of misery. 


CCELENTERATA 

The Coelenterates are (except for the sponges) the simplest of 
all the many-celled creatures. Fig. 500 shows a very simple 
creature, the hydra which grows to j or J inch in lengdi and 
clings to bits of weed in ponds. Its organs are simply a mouth, 
the rudiment of a gut and hollow tentacles which are armed with 
stin ging cells which can disable their prey — ^infusoria or water- 
fleas. It has muscle fibres for movement, but no true nerves 
- -far less a brain. A sort of network of nerve fibres spreads all 
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Fig. 300. — ^The hydra, a coclrnter- 
ate about 15 times magnified. 

M!»= mouth 

C»coelentcron (body cavity) 
£N«endodenn (inner layer) 
EC^ectrxierm (outer skin) 

T« tentacle 

sting of a jelly-fish; this is 
how it works. A cell con- 
taining the poison has a very 
fine hair-like hollow thread 
coiled up in it. The thread 
is part of the cell-wall, like 
a glove-finger turned inside 
out and pulled inside the 
glove. The cell has a fine 
hair at the end. When this 
is touched, the cell bursts 
and shoots out the fine thread 
by turning it inside out (as 
one might pull an inside- 
out glove-finger from a 
glove). The thread point 


over the creature and transnuts a 
stimulus such as a touch from one 
part to another. Hydra is not 
always easy to find and needs a 
microscope to discover its struc- 
ture, but the sea-anemone and the 
jelly-fish are well-known repre- 
sentatives of the class. Sea 
anemones are, in principle, very 
like hydra, but the jelly-fish require 
a little more explanation. It may 
be regarded as a bell. The mouth 
is in between the four clappers. 
On the oval arms are tentacles 
which first kill the prey by poisoning 
it; the arms then transfer it to the 
creature’s mouth, whence it passes 
to a stomach and to numerous 
radiating food canals. Many people 
have been made quite ill by the 



Fig. 301. — ^Thc oematocyst or poison cell 
of a jelly-fish. (A) before, (B) after 4 i 8 - 
charge (much magnified). 
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buries itself in the piey 
and injects the charge of 
poison. 

These coelenterates — 
hydra, sea-anemones 
and jelly-fish can repro- 
duce by budding like a 
plant as well as by 
sperms and eggs, therein 
showing themselves 
more primitive than any 
creature we have yet 
studied. 


Simplest of all many-celled animals are the sponges: indeed, 
there was for a long time doubt as to whether they were to be 
called animals or plants. The sponge we use in the bathroom is 
the skeleton only of a sponge. This skeleton is of spangin, which 
is not a carbohydrate like the cellulose of a plant, but a protein 
like hair or silk — a reason for thinking the sponges are not plants. 
The skeleton of fibres is usually supplemented by beautiful 
microscopic “spicules” of silica or of calcium carbonate (Fig. 
503). Living sponges of the size of the top of a little finger are 
common in British waters, but the sponges of commerce are the 
skeletons of those living in the Mediterranean or tropical 
seas. 

A sponge has some sort of root attaching it to the sea-bottom. 
For the test, it is a network of fibres supporting a mass of jelly 
which is honeycombed by fine tubes. On the outside of the living 
sponge open invisibly fine tubes which branch into capillaries 
^er than a hair. These open into little chambers lined 
with cells which have delicate whiplashes (cilia). The cells 
ply their lashes so as to drive the water through the chambers 


jeLLIFISH 



Fio 50*. — A coelcnterate — the jelly-fish. 
SPONGES 
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Fig. 50 ?. — h sponge, (i) IJlustrating the cham- 
bers lined with ‘‘collar-cells” which by lashing 
their cilia cause the water to circulate; and the 
skeleton of spongin strengthened by spicules, 
(aa) The Rowing sponge. (2) The watcr- 
dtculation in a single branch. 


and out by tubes 
which combine to make 
the wide tubes, the 
ttack of which can be 
traced in the big holes 
in a bath sponge. So 
the sponge continually 
sucks water through its 
skin and ejects it through 
the large holes with some 
force. The separate living 
cells feed on the organic 
matter in the sea-water 
and breathe its oxygen. 

The sponge is hardly 
more tlun a colony of 
cells which have com- 
bined to keep house 
within a skeleton they 
have erected. Sponges 
can reproduce asexually 
by throwing off little 
balls of cells. Sexual 
reproduction sometimes 
occurs, but very little is 
known about it. 


PROTOZOA 

Life is perhaps reduced to its lowest terms in die single-celled 
creatures. These can be highly organised or may be almost 
without visible evidence of structure. The viruses alone, which 
are not certainly known to be living, may be simpler than a 
single cell. Let us look at a fairly complicated free-swimming 
single cell; the infusorian Paramaciunt, common in stagnant pooh 
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Fig. 504. — K «iag]e<elled animal, Pasamoecium. 

Cacilium CV a contractile vacuoles 

F.V.afood vacuoles Nanudeus 

namicronucleus 

and large enough to be just visible as a speck, is a good example. 

It is a single cell with nucleus, cytoplasm and cell-wall, and 
these are organised. The many-celled animals usually specialise 
certain cells to form an organ such as a muscle, nerve or gland. 
The protozoon makes the equivalent of these out of Its one cell. 
Naturally, then, it is a more complicated but less specialised cell 
than any in a many-celled animal or plant. 

Externally, paramoedum has a profile like a bedroom slipper. 
The outside of the animal is clothed with very fine hair-like 
structures known as cilia. Their fineness is well appreciated when 
it is remembered that a human hair is thicker than the whole 
animal is long. These cilia are practically oars; they bend and 
straighten themselves and so lash the water backward — this has 
the efiect of propelling the animal forward. 

Cilia move successively in waves like the stalks of a corn- 
field when a gusty wind blows; probably the motion of each 
cilium gives an impulse to the next. Qlia are not the exclusive, 
property of protozoa. Even in man, ciliated cells line the 
wind-pipe and the uterine tube. The paramoedum has a hole 
(Q into which the dlia can waft food partides, e.g. bacteria. 
This food is taken up in vacuoles which are hollow, bubble-like 
spaces in thq cytoplasm and act as a sort of primitive stomach. 
Into these the cell substance pours out enzymes which digest 
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the food; finally, the residue is expelled to the exterior. There are 
some fibres wMch seem to act as muscles; it is not certain that 
there is anything corresponding to nerves in paiamoecium, but 
in a few protozoa there are fibres which control the lashing of 
the cilia. Paranioecium probably has no sense organs: it is 
certainly sensitive to touch and light and chemical substances in 
the water. Waste products are got rid of by excreting them into 
a “bubble,” which at intervals discharges its contents to the ex- 
terior. It reproduces by dividing, just like the cells of higher 
animals (p. 820), and may go on doing so indefinitely and for 
ever. Thus a Paramoedum has the chance of immortality. It 
divides into two, which are in a sense both part of the original 
animal. These are they grow up again and again divide; 
so there is no reason why a paramoecium should ever grow old 
and die, if it can avoid the aeddents of being eaten, dried up, 
poisoned, etc., which dispose of the vast majority 

The higher animal spedalises its cells; the germ cells are 
potentially immortal, for they divide into sperms or ova which 
make new individuals; all other cells must die altogether. 

Even protozoa sometimes reproduce sexually by two indi- 
viduals combinmg into one and forming a cell which divides 
again into individuals, but many protozoa appear to be able to 
reproduce for indefinite periods without sexual reproduction. 

Paramoedum is only one of thousands of kinds of protozoa 
utterly different in shape and habits. Gliated free-swimming 
forms are called infusoria. A drop of stagnant water is sure to 
show hundreds or thousands. Other protozoa have no dl'a 
but drift in the currents of sea-water. Examples of these are 
foraminifera (Plate XXXll), which secrete a tiny but beautiful 
shell, through pores in which they thrust long processes to 
help to prevent them from sinking. Other protozoa have 
the green pigment chlorophyll; these can make their own food; 
they colour the sea and some fresh water green. Protozoa 
abound in ordinary surface soil. A tablespoonful of earth may 
contain a miUionl Some are infusoria, swimming in the film of 
water that surrounds the soil grains, others are flagellates, pro- 
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pelting themselves by a whip-like tail. Others are amoebx (Plate 
XLII), protoaoa with an apparently naked sur&ce; these can 
change their shape indefinitely, thus making tentacles to secure 
their prey or drag themselves along. This huge soil population 
feeds on the far more numerous soil bacteria. A good many 
protozoa are parasites. Some are quite harmless; the white ant 
cannot digest its woody diet without the help of protozoa living 
in its gut. Protozoa are the cause of sleeping sickness, tropical 
dysentery and malaria. 

The malaria parasite deserves our notice, for its discovery has 
been one of the greatest benefits science has given to man. The 
malaria parasite has a complicated life cycle. 

It lives and breed more or less permanently in a man, but 
they can only get to one man from another via a mosquito. 
Let us start with the infeaed mosquito’s bite. It injerts its saliva 
into the wound and with it .malarial parasites in the form called 
sporozoites. These bore into the red blood corpuscles of the man 
and develop into forms called trophozoites. These divide into 
merozoites, and in doing so burst the blood corpuscles. The 
merozoites then bore into fresh blood corpuscles and develop 


into new trophozoites. 
Tliis may continue for 
years, and naturally causes 
serious illness from the de- 
struction of blood cor- 
puscles. At intervals some 
of the merozoites can turn 
into sexual forms (game- 
tocytes), which die unless 
a mosquito bites the vic- 
tim and sucks them into 
its body. In this case the 
gametocytes form sperms 
and ova which unite, 
forming a fertilised cell 
(zygote). This bores into 



Fig. 505. — ^The lifecycle of the malaria patasite. 



980 Tbt World of Seitnet 

the stomach wall of the mosquito and divides many times. It 
migrates to the salivary glands and forms “sporoaoites” once 
more. If the mosquito now bites a man, he will receive these 
sporozoites and the story will start again. 

The only way to break the chain is to destroy the mosquito. 
This has been done in many parts of the world. The standard 
method is to pour a film of oil on every puddle or pool in the 
district. The mosquito larva lives in water and must breathe 
through its tail. The oil film prevents the tail being protruded 
through the surface. Water tanks in houses are each supplied 
with a live fish; this eats the larvae. As tropical mosquitoes also 
carry the germ of the deadly yellow fever, it has proved possible 
to make places like the Isthmus of Panama — formerly so deadly 
that men could hardly dwell there — ^into healthy countries. 

The only creatures simpler than protozoa are the bacteria and 
viruses. These are treated under the heading of Plants. 



CHAPTER XLI 
Plants and Bacteria 

WHAT IS A PLAN!’ 

B etween plants and animals there seems at first to be little 
in common. Plants do not appear to move or feel or feed — 
at least in the same sense as an animal. Though their general 
outline and the form of their leaves, flowers, etc., are so typical 
that it is as easy to tell a hly from an iris as a cow from a horse, 
yet they have no fixed shape. No two apple trees have the same 
number of branches and twigs, though every rabbit has four 
legs. Moreover, there is only die smallest likeness in fimction 
and behaviour between animals and plants. Despite all this, 
plants and animals have in common the fact that they are built 
of cells of the same pattern with nucleus, chromosomes, cyto- 
plasm, etc., which divide in the same way by splitting their 
chromosome outfit. Plants, too, reproduce sexually by sperm 
and ovum as well as asexually. Moreover, a complete chain can 
be traced from specialised plants like dandelions or irises down 
through ferns, mosses, seaweeds, single green cells like those 
which cover damp tree-trunks, through free-swimming green 
cells to the simple single cell whence we can trace the upward 
line through sponges, jelly-fish, worms, fish, amphibians and 
reptiles to mammals. The kingdoms of Plants and Animals are the 
great twin trunks of the evolutionary tree. 

It is not altogether simple to define a plant. It may roughly be 
defined as an organism which can nourish itself on simple 
inorganic compounds. Animals must have proteins, carbo- 
hydrates, fats and the like as their diet. Green plants can live 
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on carbon dioxide, nitrates, mineral salts and water. Sudi plants 
as moulds and fungi, which have no green colouring matter, 

cannot get their carbon 
from carbon dioxide, 
but must feed on organic 
matter like animals, but 
their general form and 
method of growth 
shows them clearly to be 
plants. A few creatures 
like bacteria are on the 
border-line, and indeed 
there is a doubt whether 
they are animals, 
plants or a third king- 
dom. 

Before we discuss the 
way in which a plant 
works, it is as well to 
understand what are the 
main groups of plants. 

We divide plants into 
those which do not 
flower, CRYPTO- 
GAMS and those which 
do so, PHANERO- 
GAMS. The CRYP- 
TOGAMS include (i) 
the Alga — seaweeds 
and diatoms and various 
very simple water plants: 

hig. J07J. The bud is the Fungi, Bacteria and 
protected by a spat6e (S). On the left is a LicknS', (z) the MoSSeS 
section of the flower stem. Note numerous j t • ^ ^ / n 

scattered bundles of conducting tissue. €=« fl-nci LJVBfWOTtS, ( 5 / 

epider^ (skin); x»= 3 (jrlem (watet<arwing Fems ZlidHorsetaiUmd 
vessels); co—cortcx; pi«pith; ph^phloem , 

(vessels carrying foc^ products). L,lUt?MOSS€S» 



calyx and a corolla (cj. Fig. 507). 
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The PHANEROGAMS — seed plants — are divided into (i) the 
GymuspermSf which do not have an ovaiy to cover the seeds 
and which all have 
separate male and female 
“flowers”; the conifers 
— pines, firs, etc. — are 
chief of these; and (2) 
the An^spermSy which 
have an ovary for the 
seeds. There are two 
chief types of these. 

The Monocotyledons 
show but one tiny leaf 
when the seed sprouts; 
their flowers usually 
have parts grouped in 
threes. Their leaves 
usually have their veins 
roughly parallel, stretch- 
ing from stalk to tip. 

Examples of these are 
Grasses, Palms, Lilies, 

Irises, Reeds, Orchids; 
and almost all “bulbs” 
belong to this group. 

The Dicotyledons are 
the plants whose seeds 
throw up two tiny 
leaves when they ger- 
minate. Their flowers 
usually have their parts 
grouped in fours or 
fives. Their leaves 
usually have veins 
branching from a central 
vein. In this group are 



Fig. 


507. — ^Thc Primrose, a dicotyledon. A. 
Note wide leaves, with net veining V, naaowed 
at the base to a stalk. The perianth is dUTer- 
entiated into a corolla and a ^yx k. The 
flower parts are in fives, B. Section of dowet 
stem, showing few and regularly^arranged 
bundles of vascular tissue with cambium 
separating the phlonn and xylem. Lettering 
in Fig. 506. M» cambium (tissue from wh 
phlcem and xylem grows). 
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most of out ordinary weeds and all the common trees. Most of 
our trees, vegetables and garden flowers other than bulbs belong 
to this class. 


THE ORGANS OF PLANTS 

We all reahse that a plant generally has roots branching below 
the ground and a stem and leaves branching in the air above. 
Let us try to figure out why it should take fiiis shape. The most 
primitive plant is a single cell which can nourish itself from air 
and water. The next stage is a growing mass of cells; the next 
a mass of cells growing mote rapidly at one end, which will make 
an elongated mass of living cells. The simple algse, such as the 
green threads which grow in ponds, are at this stage. Next 
comes attachment to a solid object; this is clearly an advantage 
to a water-plant as saving it from the troubles of waves and 
currents, while a land-plant must attach itself to some solid object 
to draw from it the mineral sahs which rain lacks but which fresh 
or salt water contains. There is no great advantage to a plant 
in being able to move. Suppose, then, our plant is ^ed with one 
end in or on the earth and Ae other in the air. It grows both up 
and down from a number of active points and so necessarily 
branches into stems above, and roots below. 

This continued growth is one of the most striking differences 
between a plant and animal. An animal grows to maturity — and 
then ceases to grow — but a plant is still “embryonic” at Ae tips 
of its shoots and steadily grows until death overtakes it. It will 
not increase in size indefinitely. Thus, a wild rose throws up new 
shoots each year, but the old shoots die after a few years. Trees 
decay and fell as they grow old. The great Gdifomian red-woods 
grow to 500 feet high — enormously the largest of living things — 
but unless some material stronger than wood were evolved, they 
could grow no larger without breaking by tbeir own weight. 

As we surveyed the working of a man, let us now survey the 
way a plant works. First, let us consider one of the higher plants 
at a season when it is growing but not yet flowering. 
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SECnOM OF COLOURLESS PLAHT CELL 



SECTION or QRELN PLANT CELL 


Nucleus 



Fig. 508. — ^Typical plant csdls. The Lvjng cytoplasm and 
nucleus occupy comparatively little of the cell to which 
they often fonn a meie lining. The greater part is com- 
monly filled with fiuid. 


The obvious “organs” of the growing plant ate us leaves, its 
stem and its roots. Each of these is composed of living cells, 
usually much too small to be seen by the naked eye. 

The plant cell is like the animal cell in containing a nucleus 
and its apparatus of chromosomes and cytoplasm surrounding it. 
This has, outside it, a cell membrane and a strong cell ^1^. 
Unlike diat of the animal cell, the cytoplasm usually has large 
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spaces (vacuoles) filled with liquid. Qfiben the cell is almost filled 
with liquid, the living cytoplasm and nucleus forming a mere lining 
to the cell wall. Fig. 508 shows a section of colourless plant cell 
(as in a bulb or root) which illustrates this feature; Plate XLVIl 
shows how cells coalesce to form the tissue of a stem. 

A green cell, as of a leaf or the outside of a stem, contains 
embedded in the cytoplasm tiny lens>shaped green bodies made 
up of some protein — unknown of course in composition — and 
the green substance “chlorophyll,” which is a mixture of four 
substances, two green ones, chlorophyll-^* and chlorophyll-^, 
and two yellow ones, carotene and xanthophyll. The chlorophylls 
are very complicated substances curiously like hxmatin — the 
non-protein part of haemoglobin, the red blood pigment of 
animals. Chlorophyll contains nitrogen, of which a plant finds it 
hard to collect enough from the soil. Consequently, in the autumn, 
before the leaves fall, the tree destroys its chlorophyll and takes 
back the nitrogen for future use. The yellow leaf is coloured by 
the carotene and xanthophyll, which the tree does not bother to 
break down, since they contain no nitrogen, 

A plant’s job is like an animal’s, to keep itself alive and repro- 
duce its kind. To nourish itself, it has got to make its protoplasm, 
its skeleton of cellulose, its chlorophyll and anything else it 
contains, from the contents of the soil and the air, aided by the 
energy of light. The air can be relied upon for carbon dioxide 
and oxygen; and the soil for water, nitrates (pp. 643 ff) and 
phosphates (pp. 654 ^ and all the salts a plant requires. The 
plant is the dhemist which builds these simple molecules into 
the vastly complex proteins, cellulose, chlorophyll, etc. Animals 
cannot do it: they are the pensioners of plants. Every bit of 
every animal started as a plant. Either it feeds 6n plants or on 
other animals which fed on plants. 

The leaf is concerned in making the carbon compounds in the 
plant, the root with gathering water and salts (nitrates, phos- 
phates, etc.) from the soil. Fig. 309 and Plate XLVn show sections 
of typical leaves. Even a thin leaf is six or seven cells thick. The 
outer skin of a leaf, which is easily peeled off a thick leaf like that 



^kmts and Baetma 


9*7 




988 


The Worid of Seime 


of a laurel, is a pavement of cells. It is usually impregnated vdth 
a waxy substance. It is very notable how water collects in droplets 
on the sui£ice of leaves just as it would on a greasy sur&ce. 
The object of this thin impervious skin is to restrict evaporation 
when the plant does not require it. A plant presents a very large 
surface exposed to sun and drying wind. The water supply to 
the roots may be small, and so if the plant is not to dry up 
evaporation must be limited. A plant’s leaves remain firm and 
stiff only because each cell is inflated with water, like a little 
balloon. If evaporation removes this water quicker than the root 
can replace it, the “balloons” sag and the leaf wilts. 

The upper surface of most leaves has only a few entrances, but 
the under-sides are studded with openings (stomata) which can 
close or open. Each is like a mouth. Just below the opening, on 
each side, is a bean-shaped guard-cell. These two cells, when 

the water pressure in the leaf 

O is high, become more curved 
and open the pore; if evap- 
oration is rapid and the water 
pressure becomes low, the 
guard-cells become less 
stretched and the pore shuts. 
The action is rather like that 
of inflating a cycle tube 
hanging on a nail ^ig. 510). 
These stomata allow air to 




Fzg/ 5Z0. — Illustrating the opening of 
the stoma by inGteased water pressure 
in its guard-cells. (Above) the effect 
illustrate by inflation of a cyde-tyie 
hanging on a nail. 


enter and leave the interior of 
the leaf. The leaf under its 
top skin has a layer of cells 
shaped more or less like jam- 
pots and packed together so as 
to be just touching: there are 
therefore air spaces between 
them. These “palisade cells” 
contain very many chloro- 
plasts and are the place where 
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carbon dioxide from die air-spaces and water from the cells meet 
with light coming through ^e leaf-skin. From these materials 
(p. 614) the chloroplast mysteriously makes stardi, sugar probably 
being an intermediate stage. This smch is only temporary; it 
is soon broken down to sugar again. Under the palisade cells 
is a loose spongy tissue of irregular cells which touch each other 
but leave large air spaces between. Air con filter through these. 
Every living cell must breathe, and so a system of fine tubes carries 
air to the deeper parts of the plant (stems), etc. This spongy 
tissue also serves to carry the sugar from die palisade cells to 
the veins of the leaf, which are truly veins in the sense of being 
arrangements for carrying liquids. Solutions can pass from one 
cell to the next, for very fine strands of cytoplasm pierce the walls 
and link the cells in a living network. 

The leaf, then, when working, is making starch and sugar as 
described above. The sugaiy solution can pass from cell to cell 
and can reach the veins of the leaf which conduct it .to any part of 
the plant which needs it. Proteins are probably also formed in 
the leaf-cell though nothing is really known about the way this 
is done. Since proteins cannot diftuse through a cell-wall — ^their 
molecules are too big — they are digested to amino-acids, just 
as in the intestine of an animal, and sent to parts of the plant — 
e.g., seeds — ^whcre they may be wanted. The leaf of the plant, 
then, corresponds very rougUy to an animal’s digestive system. 

A plant, like an animal, requires some vessels which can carry 
the food made in the leaf to the parts of the plant which need 
it. A system of cells adapted to carrying liquids traverses the 
whole plant from root to leaf via the stem. Some are long cells 
set end to end with a sort of sieve separating them. This “sieve 
plate” is lined with living cytoplasm and so is not a mere sieve 
or filter. The function of these cells (bast or phloem) is to carry 
food products. For water-carrying, there are long fine tubes 
which started as cells set end to end (Fig. 5 1 1); the intervening 
cell-walls break down and leave tubes (xylem) which carry wrater 
from the roots to the leaves. Besides these, there are usually 
hollow air spaces. 
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Fig. 511 . — section of a marigold stem cut along 
its length. Successively from the outside ap- 
pear hairs and protective skin; a green layer 
capable of photosynthesis (p. 989); an inner 
skin (endodcrmis); phloem conducting food 
through sieve>tul^; cambium, the actively 
growing cells which become, as they mature, 
either phloem or xylem; fibre giving strength; 
xylem vessels carrying water; **8tele paren- 
chyma*’ cells — supporting tissues; and pith. 


The steals of plants 
have not only to act as 
pipe-lines but also as 
supports. Oinsequently, 
in a large plant they 
must be strong. This is. 
provided for by long 
tapering pointed cells 
which lay down strong 
woody tissue on their 
walls and finally die, 
leaving a strong woody 
fibre. 

The root is the col- 
lecting organ for water 
and salts. Only the part 
of the young root near 
the growing tip is able 
to take up water and 
the salts dissolved in it 
from the surrounding 
soil; the older part has a 
more or less waterproof 
coating and acts as pipe- 
line. This part of the 
root near the tip is 
coveted with tiny hairs, 
very well seen in mus- 
tard and cress. These 
hairs are the organs 
which take in water 
from the soil. Now a 


tree may lose many 
gallons of water a day by evaporation, which loss is all supplied by 
water from the roots travelling upwards through the fine zylem 
tubes. It seems that the cells of the leafy shoots the water out 
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of these fine tubes. But, you object, a pump can only draw watet 
30 feet and some trees ace 300 feet high: why does the column 
of water not break and leave a vacuum? The water column must 
be broken to produce a vacuum. The molecules of water attract 
each other, and it can be shown that if the water develops no 
gas bubbles, it needs a big force, actually 3000 lbs. or more 
per square inch, to break a colunm of it. A very fine thread of 
water is much less likely to develop such bubbles of gas. The 
leaves, then, draw up a thread of water from the toot. This 
theory is generally established, but has some difficulties. It 
would seem that the root tips exert a pressure, while the leaves 
exert a tension and that both effects operate together. The root 
takes in, not only water but dissolved salts which travel with the 
water to the leaves. The liquid in dxe soil may contain from J to 
I part of salts per 1,000 of water. The plant requires potassium 
ions, calcium ions, magnesium ions, iron ions, nitrate ions, 
phosphate ions and sulphate ions and possibly traces of many 
other elements. The cell has an unexplained power of collecting 
these ions. The soil water may have one part per five thousand of 
potassium ion. But the cell can collect that potassium ion out of 
die water and leave behind other salts. It is not well understood 
how this is done. 

The plant from its air, light and water and salts may make far 
more material than it requires for present needs. It very often 
stores this in some convenient form, which can be turned back to 
plant food when required. Thus, the potato plant lays down 
tubers full of starch grains. These give the potato a quick start in 
spring: it does not wait to make its new stem and leaf from 
carbon diojdde and water, but builds them from its stored starch 
and protein. Most roots store starch, but some like the beetroot 
store sugar. The dahlia and artichoke store inulin, a kind of 
starch made from fructose. Bulbs are not roots but large modified 
budsl They are also storage organs: thus an onion stores sugar 
and protein. Seeds always have a store of nutriment, protein, 
start^ and often fat, to send them on their way. The faa that they 
contain much more protein than the rest of the plant makes them 
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Fig. 5 IX. — How plann stote food. 

A. ‘rnlipbolb B. Ctociiscotm 

C Ifixrhusome D Potato; stem-tabet 

R Dahlia; looNtuber 

the chief food of mankind. Wheat, maize, rice, beans, etc., are 
complete enough foods to form the staple of a diet. 

THE SENSES OF PLANTS 

Plants appear to be motionless and irresponsive. This is fat 
from true. They are .slow moving, but they move purposehilly 
just as does an animal. The primitive cell has the property of 
irritability. Like a nerve, it can be influenced by outside inter- 
ference: tihe nerve cell is one which has specialised in irritability. 
Very little is known about the mechanism of a plant’s response to 
stimuli. A plant’s chief response is a change of position. If a 
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plant is to flourish, it must get its roots into the ground and its 
leaves into the light, and it has a mechanism for doing this. 
Plant a bulb upside down. The roots will travel down round the 
bulb and the shoot will travel up to the surface. Arrange some 
flowering lupin heads in a vase. The tips will all bend upward so 
riiat they point straight to the ceiling. 

These effects are a response to gravity. If no other stimulus 
interferes, a plant’s shoots will grow up and its roots down. 
This has been very prettily proved by growing seedlings on a 
rapidly rotating turntable, so that the centrifugal force makes 
artiflcial gravity pulling in the direction of the rim. The shoots of 
the seeds aU grow towards the axle and the roots towards the rim! 
The gravity response helps an underground plant to send its 
shoots to rite ak and its roots to the deeper and moister soil. But 
what the shoot most needs is light: so it has the power of growing 
towards the light. It has no eyes to see the light, but probably all 
primitive cells ate sensitive to light, the retina being a collec- 
tion of cells specialised for Ught reception. Obviously, the 
gravity-response and the light-response may clash. But the latter 
is die stronger. The light-response is easily seen in pot plants 
grown in a window: these almost always curve over to the light. 
Strangdy enough, if only the tip of a shoot finds the light, the 
whole shoot will grow towards it. This would be easy to 
understand in an animal with nerves: the plant has no nerves and 
so it sends a “hormone” — some soluble growth-causing sub- 
stance back — ^through the shoot diflusing from cell to cell. But 
how the growth-causing substance tells the plant which way to 
grow seems very difficult to e^lain. 

Light has another very interesting effect. The length of the 
day indicates to many plants when their flowering time has 
arrived. Qirysanthemums will not flower till the day is re- 
duced to some fixed length, say 12 hours, e.g., after the third 
week in September. But if these are put in a ^k room at four 
o’clock every afitemoon in July, they will flower within a few 
days. 

Some plants are responsive to touch. A good example is the 
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well-known sensitive plant, the leaves of which fold when touched. 
Gimbing plants also respond to touch, as anyone knows who has 
grown peas or any plant with tendrils. 


PROPAGATION OF PLANTS 

We have seen how the plant feeds itself: now let us see how one 
plant makes another. Plants have a curious rule of alternation of 
generations. A sperm fertilises an ovum. The fertilised cell 
grows into a plant of one type. This produces a spore which 
grows into a wholly different type of plant which produces the 
sperms and ova. “Well,” you may say, “I never noticed this 
going on in the garden. I find a pea plant produces a seed which 
produces another pea plant.” TMs is quite true, but as we shall 
see, it is not the whole story. 

The simplest way of making a new plant is by division. A 
portion of a plant if suitably treated will grow into a whole one. 
Bits broken away from water-weeds put out fresh roots and 
become whole plants; bits of dandelion root or twitch rhizomes 
develop new stems and shoots. Yet no plant depends on this 
method entirely. For some reason, sexual reproduction is a 
necessity if a plant is to thrive. Man propagates many of his 
plants by division. All the King Edward potatoes are tiie same 
plant, and spring from the same original seed. They all arise 
from tubers which were budded off by cell-division from other 
tubers. Every King Edward potato plant has the same genes. 

If you were to let the King Edward potato flower and set seed, 
the result would be to re-sort the genes, losing some and duplicat- 
ing others, and you would get from your seed a collection of 
quite different potatoes, good and bad — ^mostly the latter. Un- 
fortunately, the higher animals have lost this power of re- 
production by simple division. What an excellent thing it 
would be if we could take a hundred cuttings off Darwin or Sir 
Isaac Newton or Shakespeare and “grow them on” into human 
beings as like the originals as their twin brothers. We can do this 
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Pig. 513. — Sexual and asexual geneiation in seaweed, funf^us and moss. 
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with very simple animals like datwotms or statfish, but not with 
insects, molluscs or vertebrates. 

A “variety” — actually a single individual — such as a King 
Edward potato or a Caroline Testout rose seems to £dl ofF as time 
goes on, and in twenty, thirty or a hundred years becomes 
enfeebled and may die out. This is, perhaps, the reason for 
sexual reproduction both in animals and plants. 

Figs. J13, 514 gives an idea of the way plants propagate. AU 
but the simplest have a form which grows from a spore and a 
different form which grows from a sperm and ovum, and pro* 
duces spores. Some groups spend their lives as the first form, 
which grows from a spore: others in the form which grows from 
the cell formed by the fusion of two other cells, generally a sperm 
and ovum. Almost all pass through both of these stages at some 
point in their career. 

The simplest plant is an alga or sea-weed. It consists of fronds 
(thalli) without any sign of flowers or seeds. At intervals, there 
appear swellings on its surfiure. From some of these emerge 
sperms and from others ova. The sperms swim to the ova and 
fertilise them. The fertilised egg cell ^vides and grows into a new 
frond. Not all the alg£ follow this way of increase: Fig. 51) shows 
some of the other methods. 

This is almost the same procedure as that of a simple animal. 
It must be noticed that the sperms have to swim to the ova. This 
process is all very well for a plant or animal which lives in water: 
on land it becomes more difficult and the history of the sex life of 
land plants is the development of a secure way of allowing the 
sperms and ova to meet. 

The Fungi show sexual generation like this and also another 
t3rpe, a sexual generation by spores. Let us take as example one 
of the^ many “moulds”; Pjtbim, the fungus which attacks the 
stems of seedlings whidi are grown in too damp an atmosphere 
and makes them “damp off,” is simply a mass of fine threads of 
cells set end to end. It has no chlorophyll and feeds not on the 
carbon dioxide of the air but on the organic matter it penetrates. 
The threads (wyn/uKw) ramify through or over their food stuff aitd 
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Fig. 5x4. — Sexual and asexual generation in Fems and in higher plants. 
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at the sut&ce they fotm little projections (sporangia), from which 
break oS spores which are small cells. These spores are blown 
by the wind or carried by water to some moist place. Here they 
divide into tiny swimming cells, 2 oospores, which swim to a 
suitable food-source and there develop into a fresh fungus. 
Moulds can therefore only germinate in a wet place, as we all 
know. But this way of propagating does not seem to be enough. 
At irregular intervals male and female organs (antheridia and 
oogonia) grow up close to each other, the first contains a sperma- 



Fro. 5 1 5 — ^Algae and their reproduction. 

1 Cblmydofuoruh, a &ee swimming green plant. C, chloroplast; 

n, nucleus, L, cilia; V, contractile vacuofe. 

2 Oido^um A. asexud zoospore ecsaping from cell. B, free zoo- 

spore; C, formation of sexual celts, o, oogomum; a» anther- 
idium; $, speimatozoids; D, fertilization; f, fertilise ovum or 
zygote; m, dwarf male plant. 

5. Two filaments of the alg^ Sptrogyra conjugating and forming a 
i^gote D. A, B, C, D show successive stages in conjugation. 




Fig. 516. — Spore formation of simple fungi. 

Grey mould (Rhizopus nigrans), showing three sporangia, one 
shedding its spoics, 

2. Sporangia of •‘damping-oflF fun- 
gus (Pychium). 2a formation of 
zoospores from sporangium, z, 
escaped zoospore. 

. Yeast showing an ordinary cell; 
a cell reproducing by a bud, b, 
and a cell which has divided to 
four spores s. n, nucleus. 



Figs. 517. — Reproduction of a 

Mushroom. 

A. Formation of young mush- 
rooms on underground myce- 
lium. 

B. Mushroom with veil, 7, 
bending back to expose gilB. 

C. Mushroom cut to show 
arrangement of gills. 

D . Section of single gill, showing 
spore-bearkig outer layer, h. 

E. Formation of spores, on ex- 
terior of gill; 1-4, successive 
stages in formation of spores, S; 
5 . Msidium from which spores 
have escaped; B, basldium. 
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Fig. 518. — Reproduction in a moss, 1 and 2, male and female 
pk^ts of a common beath-moss (Polytri^um conmune). 
The remaining drawings are of another moss (Funaria). 
3. Female plant with sporogonium. 4. Section of male 
plant with antheridia. 5, Section of female plant with 
archegonia. 6. Early dev^opment of fertilised egg. 7. 
Further development. 8. The sporogonium, still immature. 
A, archegonia; B, capsule; C, calyptra; D, seta; K, atebe* 
sporium; M, antheridia; O, operculum; R, rhiaoids; S, 
developing sporogonium; P, sterile hairs. 
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Fig, J19, — Reproduction of a fcm. (i) Underside 
of Icif showing the sori. (2) A sorus m section 
and enlarged (i) cover of the sorus (Sp) sporangia, 
S, spores. (3) A spore germinating and forming. 
(4} A protl^ius with mozoids (roots) R, having 
archegonia A and anthendia M on it. (5) An 
antheridium full of spermatozoids. (6) Sperma* 
tozoids escaping and (7) Entering the arche- 
gonium in which is the ovum O. This when 
tertilised (8) E, grows into a fem (9) F, foot of 
fern still m prothallus; P, ptothallus; T, root of 
young fem; B shoot of young fern; L leaf of same. 
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Fig. 5io. — Reproduction in a conifer. 

I, Section of part of female cone. 2. Upper surface of scale of female 
cone. 3. Under surface of scale of male cone. 4, Section of part of 
male cone. 5. The act of fertilisation. The pollen grains send out their 
male nuclei which unite with the female nuclei E. 

P.S. pollen-sac. T poUcn-tubc. G male nuclei. E nucleus of 
female ovum. Ar Archegonium. BS, OS, parts of scale carrying the 
ovule. V Embryo-sac, P pollen grains. M micropyle. N, nucclTus. 

tozoid, the second an ovum. The male organ touches the female, 
a passage opens and the male sperm swims through and fertilises 
the egg. The fertilised egg (oospore) may remain dormant like a 
seed, and at a suitable time germinate, producing free swimming 
zoospores which grow into a fungus again. Moulds and fungi 
show many variations on the reproduction theme. Many fungi 
(mushrooms among them) do not appear to have any sexual stage 
and generate only by spores. 
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The next stage is leptesented by Mosses, which ate definitely 
land-plants, but which must be wet to propagate themselves, 
though they can stand much drought. A moss is quite te- 
cognisably a plant with leaves and stem and fine hairs which play 
the parts of roots. Most mosses can be seen to bear cup- or vase- 
shaped objects on a slender stem. The moss at certain seasons, 
grows an^eridia, which produce sperms, and the cup-shaped 
objects already mentioned, which contain ova (Fig. 513, also in 
more detail, Fig. 518). The sperms swim through the film of 
moisture on the wet moss, enter the cups and fertilise the ovum. 
The fertilised egg cell grows into a tiny new plant inside the cup! 
This plant only lives to produce spores which blow away and 
germinate in moist places, forming a network of green threads 
from which the new moss grows. The moss thus gets the 
advantage of re-assorting its chromosomes by a sexual generation, 
and dispersing its oi&pring by spores to conquer new fields. 

The fern does mudi the same thing as the moss: here the big 
plant we call the fern is the part that grows from the fertilised 
egg; the part that grows from the spore is inconspicuous. Start 
widi the full-grown fern. The underneath of its leaf is coveted 
with dark-brown organs which shed millions of dust-like spores. 
A spore which finds a suitable damp place grows into a flat green 
leaf-like object, rooted by root-luiiis into the ground. This 
“prothallus” developes sex-organs, male and female. In wet 
weather the male organs open, the sperms swim to the female 
organs and fertilise the oviun. This, still in the prothallus, grows 
into a fern. At first, the prothallus gives it nourishment, but it 
soon develops its roots, whereupon the prothallus withers 
away. Fig. J14 shows the principle. Fig. 319 gives more detail. 

Ihe sexual stage still needs water in which the sperms can 
swim to the ova. This limits ferns to moist places. The flowering 
plants escape this limitation by having &e sexual generation 
inside their own bodies. A flowering plant produces spores — 
pollen — ^from its anthers (Fig. 514). These settle on the stigma 
of another flower and germinate. A pollen tube, representing the 
prothallus of the fern, grows down into the ovary of the flower and 
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there liberates a couple of sperms which fertilise a single-celled 
ovum in the ovary. This ovum develops to some extent and then 
becomes dry and goes to test as a seed whidi later develops into a 
plant. Fig. 514 shows the principle. Figs, jzo, jai give details 
for conifers and flowering plants respectively. 



It is a mistake to compare the pollen 
with the sperm of an animal, and the seed 
with the animal’s ovum. The pollen is a 
spore which produces a minute “body” 
which emits sperms. The ovum of the 
plant is in the ovary of the flower. The seed 
is a young plant in a testing state. 

The chromosomes in the male cells come 
from the poUen. Those in the female cells 
come from the plant which bears the flower. 
If a mixing and reshufilingof chromosomes 
is to occur, it is desirable that the pollen 
should come from a diflerent plant from 
that which bears the ovum. Plants have 


Pig. 52 i.-^Feitili 8 atioQ 
in a flower. S, 6tvle; 
St, Stigma with pollen- 
grains one of which P 
has sent its pollen tube 
T into the style; G, 
nuclei, one of which 
represents the spcrm- 
atozoid from the pol- 
len. Y; tube-nucleus; 
M, micropyle (open- 
ing to OTary; N, 
nucellus; B, egg-ap- 
paratus; E, ovum; C 
nucleus of embryo- 
sac V; I, integument of 
ovary. In fertilisation 
the nuclei of G and E 
will fuse. 


evolved numerous devices to ensure this. 
Pollen can be carried by the wind or by 
insects. The first is a primitive method. For 
success it requires so much pollen to be 
produced that some of it cannot fail to hit 
the stigma of a female flower. Clearly the 
pollen is most likely to reach the stamens 
of the flower which produces it, which is 
just what is mi required. So the anthers 
and stamens usually ripen at diflerent times 
and prevent this. The Grasses are a good 
example of wind*pollinated plants, llieir 
flowers are inconspicuous and scentless, 
for they have no need to attract insects. 


Most forest trees are wind-pollinated. The male and female 


flowers are often separate. Catkins are male flowers designed to 
let the wind shake the pollen out of them very easily. 
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The insect-pollinated flowers are much mote interesting. They 
have evolved in the direction of being conspicuous to the insect’s 
eye by their bright colours and conspicuous to its scent organs by 
the smell. They attract insects by opting a bait of sugary liquid, 
and often arrange some mechanism which will ensure that the 
insect takes pollen with him to the next flower. 

Flower colours are of two kinds. The yellows and oranges are 
usually flit-soluble substances like carotene (p. 6oz). The red and 
blue pigments are anthocyanins, compounds of glucose with dyes 
having a structure rather like that shown below. 

H - -f- 

il II O 

CO C- C 

/ \ / \ / \- 

HO.C C C-^C C.OH a- 

I II I \ / 

HC C C.OH C=*C 

\ / \ / H H 

c c 

O H 

H 

This compound combined with glucose gives 
the red colour to the rose. 

These dyes can exist as salts— compounds with adds — or as 
free dyes. In the first case they are red, in the second, blue. Thus 
a great many flowers can be red or blue according to whether 
their sap is more or less add. Cornflowers can be blue or pink. 
ILarkspurs range from pure blue through mauves to pure pinks, 
blue-beUs are known in blue and pink varieties. So flowers in 
general belong to a blue-pink range or a yellow-orange range. 

Their scents are usually delightful to the human nose. Most of 
the perfumes are fairly simple substances which the chemist can 
make in his laboratory (p. 604). Some flowers, however, are 
pollinated by flies. The octraordinary RafHesia is an example. 
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Fig. 522. — ^Flowers of various families. 

A. Stamens, C Petals. G. Pistil. K. Sepals. 
L. Lodicule « perianth leaf. R. Receptacle. 
Gl. glume. Pa. Palea. 


This plant, which hails 
from the East Indies, is a 
parasite, and takes its 
nourishment from the 
trees in whose substance 
it burrows. It grows no 
leaves or stems, only 
burrowing parasitic 
roots. But at intervals 
it produces from the 
base of an infested tree 
a gigantic brilliant 
flower over a yard 
across, with a terrific 
stench compared to that 
of a decaying elephant. 
Flies are drawn to it and 
receive its pollen. Some 
of these will travel to 
another Rafflesia flower 
and pollinate it. 

Bees and butterflies 
arc die chief pollinators. 
They have long sucking 
mouth parts. The 
flower conceals its nec- 
tar somewhere at the 
base where an insect, to 
get it, has to brush past 
the anthers and receive 
a dusting of pollen to 


be deposited on the stamens of the next flower. 


The seed once formed must be transferred to some place 


where it can germinate. Fig. }25 suras up a few of the methods 
plants have adopted to spread their seeds over new ground 
where they will not compete with each other or the parent plant. 
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Fig. ^23. — ^How plants disperse their seed. 

F/ar^ fruiis eaten by birds (and men), 

A — ^Apple; a pome — a false £niit. 

c — core = true fruit (the developed ovary); s— seed 
B — ^Tomato — a berry — a true fruit. 

1- briffhtoutetskin 

2 — ^fleshy layer 

S — seed 

C — ^Blackberry; an aggie^te fruit — a collection of drupes. 

1 — bright outer skin T 

2 — ^fleshy layer \ pericarp 

3 — ^hard woody layer f 

S — seed; R — rec^tacle 
Other cases of Animal Distribution, 

D — ^Acotn — a nut, distributed by squirrels. 

n — nut; a single seed in a woody pericarp; b — cuprdc formed of fused bracts 
£ — Gooseerass or cleavers; a fruit with hooks by which it becomes attached to 
furry or woolly animals. Two fruits grow together but separate when ripe. 

F — Spindle — a capsule which opens to display seeds enclosed in a bright orange 
fleshy aril (an extra seed-coat). Here the attraction to birds is the seeds, not the fruit. 

G— Pansy — a capsule whi^ splits to three boat-shaped valves. The sides of the^ 
then come together shooting the seeds to some distance. The seeds ate enclosed id 
an oily aril which is attractive to ants and these complete the distribution. 

Wind Dispersal, 

H — Sycamore, a winged fruit. Two acbenes grow together, and in each an out- 
growth of the pericarp forms a wing. When ripe they separate md blow away. 

1 — Dandelion — a »uit with a parachute. The parachute b formed from 'the 
developed pappus fa reduced odyx). 

— ^Poppy capsule. A pepper-pot anangement. The seeds, which are very fine 
light, are blown out through^res rouM the top. 

K — ^A winged seed of Pine. Here the wing b an outgrowth of the seed-coat. 
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ADAPTATION TO SEVEBB CONDITIONS 

Plants have been able to colonise almost the whole world. 
Only the mote severe Arctic and Antarctic climates and the 
completely dry deserts are destitute of plant life. In Siberia, 
plants endure temperatures of -90*’ F. Simple algae can live in 
water of hot springs at 120° F., which would scald your hand. A 
rainffill of two or three inches a year, will suffice cacti, while in 
coimtries with rainhills of 1 20 inches or more vegetation flourishes 
hugely. Cold and droughtactonplantsinasimilarway. Coldtends 
to freeze the sap. This may or may not be &tal, but it is countered 
by having sap containing so much dissolved matter that it does 
not easily freeze. Cold, too, acts like drought, because it slows 
down all the natural processes of the plant. The roots can gather 
moisture but slowly, while dry cold winds evaporate it from the 
leaves. A cold-resisting plant should then bive small tough 
leathery leaves and a concentrated sap. Alternatively, it may be of 
a low type which can freeze solid and thaw, dry out and soak up 
water again without dying. In the very cold regions, the tundras, 
there flourish only mosses, lichens, small-leafed heather-likeplants 
and dwarf birches. Conifers are well adapted to resist cold and 
moisture because of their small leaves impregnated with water- 
proof resin. Accordingly, a great belt of pine and fir forest 
stretches round the Arctic Circle. 

Adaptations to drought are interesting. The plant which is to 
stand dry conditions has many resources. First of all it may 
develop a small surfiice. A given mass of plant stuff has least 
surface when it is in a lump like a football, but most when it 
spreads into leaves and shoots. Drought-resisting plants have 
spiny or liunpy leaves (gorse, heather), or in extreme crises are 
reduced to squat stumpy forms like cacti. They grow a tough 
waxy skin from which water does not easily escape, and some- 
times coat this with dense hairs to shade it from ^ drying sun 
and wind. The interior of the thickened leaves or stems is fiUed 
with cells, which contain a sap so concentrated that water will 
hardly evaporate from it. 
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Some plants develop large underground roots or bulbs which 
store water from one wet season to the next. Others send 
tremendously long roots to depths where water still exists. The 
Cacti and Euphorbias (spurges), actually quite unrelated groups, 
have specialised in drought-resisting and have thus become so 
alike t^t they are hard to distinguish. Both of them, seemingly 
shrivelled and distorted masses of vegetation, break out into 
glorious vivid flowers. A walk round the cactus-house at Kew 
gives a remarkable notion of the drought-resisting devices of 
plants. 


BACTERIA. 

The Bacteria are difficult to place: they arc usually called 
plants chiefly because their cells seem to have a definite wall, a 
fact which classes them with the simplest of plants — diatoms, 
fungi, yeasts and seaweeds. 

Bacteria have got a bad name because some of ffietr cause 
disease. This is quite as unreasonable as condemning animals in 
general because lions, tigers, and cobras are unpleasant com- 
panions. Life would be almost impossible without bacteria, 
which do the very necessary task of turning organic refuse of all 
kinds into the simple food materials which plants can use. 
Bacteria are extremely small living cells. They may be from 
.0005 cm. to .oojem. in length. A mass of bacteria the size of a 
mustard seed might contain a thousand milli on of them. .Some of 
them are stationary, others have fine threads of tissue by which 
they can propel themselves. Not much is known about tlieir 
anatomy because they are so small, but granules suggesting a 
fragmentary kind of nucleus have been seen. They multiply by- 
division, and apparently never combine in any sort of sexual 
reproduction: this division may be extraordinarily rapid, taking 
place as often as every twenty minutes. A single bacterium would 
at this rate produce a thousand million in ten hours, so we must 
not be surprised to find a liquid apparently free from bacteria one 
day and swarming with them the next. 
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The really interesting thing about bacteria is the extraordinary 
diets they can feed on and the remarkable products they excrete. 
We get our energy chiefly by turning glucose into carbon dioxide 
and water. Some bacteria can generate energy for their life pro- 
cesses by turning milk sugar into lactic acid: others turn 
ammonium salts into nitrates: starch into butyl alcohol and 
acetone: cellulose into methane: hydrogen sulphide into sulphudc 
acid: sugar into glycerine or butyric acid or lactic acid or citric 
acid: urea into ammonium carbonate, etc. 

Obviously thek chemical make-up must be very diflerent from 
any animal or plant except perhaps the mould-fungi which have 
the same sort of omnivorous appetite. Moulds can live happily in 
such unpromising materials as tanned leather or paper. They 
seem to have a regular tool-box of enzymes by wMdt they can 
break up almost anything into something they can live on. 

Though no bacterium can be seen by the naked eye, we arc all 
familiar with thek behaviour en masse. Putrefaction is simply 
the alteradon of some matedal by bacteria. When mUk goes sour 
overnight, it is because one of the lactic acid bacteria has multi- 
plied undl there are a hundred million or more bacteria in every 
drop. These turn the milk sugar into the sour-tastmg lacdc add. 
When meat putrefies a bacterium has broken the proteins into 
various evil-smelling simpler compounds. When butter goes 
randd, bacteria have split its fat into glycerine and the sour- 
smelling butyric add. All these activities of bacteria we could do 
without. Others are more beneficent. Throw a big heap of mown 
grass on the ground. In a few hours it will be hot and may get hot 
enough to scald your hand. Bacteria have* multiplied in it, and 
the chemical changes due to thdr life and growth are produdng 
heat. Other bacteria will work on the mass, and fin^y it will 
become a brown disintegrated mass rather like farmyard manure, 
and will be a most valuable fertiliser. The masses of leaves which 
fall in the forests are rotted down by cotmtless bacteria and 
ultimately become carbon dioxide, water, nitrates, etc. A rich 
brown residue of leaf mould accumulates. Bacteria break down 
the proteins and urea of farmyard manure and animal refuse in 
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general to ammonium salts: other bacteria convert these to 
nitrates which enter the life stream once more tna the roots of 
plants. 

Bacteria can even perform the extraordinary feat of turning 
the nitrogen of the air into nitrogen confounds. The soil 
teems with bacteria, a teaspoonfiil of soil containing millions. 
Some of these live by feeding on the plant-fibre, etc., in the soil, 
but a few have the power of building up the nitrogen of the air in 
the soil into their own body-proteins. More highly organised 
creatures such as soil-amoebse devour these bacteria: when these 
amoebse die, other bacteria break their proteins down to nitmtes 
which feed plants. It has long been known that a field left 
without growing plants becomes more fertile, the reason being 
the activities of these bacteria. The legununous plants, peas, 
beans, vetches, lupins, etc., strike up a partnership with nitrogen- 
fixing bacteria. The bacteria invade ^eir roots and the plants 
form nodules (easily seen in a scarlct-nmner root) containing the 
bacteria. These make nitrogen into body-proteins, .^.s the 
bacteria die, the plant uses their nitrogen. 

Perhaps the strangest bacteria of all are the anaerobic ones, 
which can live without oxygen. Every creature except these few 
bacteria must breathe to get its energy. These get it by breaking 
down unstable chemical compotmds. The black mud at the 
bottom of a pond contains some of these bacteria. Other 
anaerobic forms are among our most siriister enemies. The 
bacillus botulinus, among others, can thrive in food which 
has been hermetically sealed or potted, but which has not been 
fully sterilised: it produces a fearfully deadly poison. A whole 
&mily has died after eating botulinus-infected potted meat 
in wMch there was probably only a minute percentage of the 
poison. The bacteria which cause tetanus are anaerobic, which 
is the reason why lock-jaw follows deep lacerated wounds, where 
there can be lurking places free from air, more frequently than 
superficial cuts. It Im been stated that the poison secreted by this 
bacterium is so powerful that a drop would kill 300 men. This 
would be several thousand times as poisonous as arsenic. 
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Disease bacteria form only an insignificant proportion of the 
vast bacterial popiilation of the world. They are very important 
to us; and by an understanding of their habits, man has vastly 
increased his expectation of life. All the diseases formerly 
classed as “fevers” and several others are due to invasion of the 
body by bacteria (or in some cases the bacterium-Uke, but sdU 
smaller, viruses). Consumption, typhoid fever, tetanus, tjrphus 
fever, diphtheria, anthrax, the fevers resulting from infected 
wounds, the venereal diseases, etc., are all due to the growth 
of bacteria in the body (Plate XLVII). These bacteria rarely do 
any direct harm, but produce poisons which cause the symptoms 
of the disease. A bacterium in the body is in a strong position. 
You cannot easily poison it without poisoning the patient. We 
shall see later that methods of preparing antitoxins, poisonous to 
certain bacteria but not to man, have been worked out. 

The greatest boon to man resulting from the discovery of 
bacteria, is the way to get rid of them. Before bacteria were 
discovered, nothing was known about the origins of infections 
and diseases. Surgeons went straight from the dissection of 
decomposing bodies swarming with bacteria to the maternity 
wards: in some of these four out of five mothers died. Instru- 
ments were not cleaned: surgeons wore coats crusted with 
decomposed blood and pus. Any major operation like cutting off 
a leg was more likely than not to cause death, for the hospitals 
were full of every kind of disease germ. The surgeon did not 
dare to open the belly cavity or brain: death was almost inevitable. 
Outside the hospitals, no serious precautions were taken to keep 
the sewage from percolating into wells. Anyone with typhoid 
fever — then a very common disease — diselwrges millions of 
bacteria from his infected bowels. They found their way to rivers 
or cesspits, thence often to wells, and epidemics of typhoid 
resulted. This disease was a most common incident in i8)o; rich 
and poor alike died of it, and it was one of the main causes why 
parents produced ten children and reared five. 

We have learned to associate disease with bacteria. We 
realise that bacteria must abound everywhere, but we also realise 
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that the bacteria of dangerous infective diseases need not do so. 
We compel our builders to send sewage through waterproof 
pipes to sewers. We make local authorities treat the sewage 
before they send it into rivers. If a town has to drink impure 
river water, we filter it to remove nearly all bacteria and, if 
possible, store it for a few weeks, for very few dangerous bacteria 
live for long outside the body. We still allow highly con- 
taminated milk to be sold, but the public can buy tuberculin- 
tested milk which is reasonably certain to be &ee ftom the 
bacteria which cause consumption. 

The specific for destroying bacteria is heat. A liquid which has 
been boiled for twenty minutes is certainly free from living 
matter, and very much less heating will destroy most creatures. 
Surgical instruments are boiled to remove germs; dressings, 
gowns, masks, etc., are heated in live steam.- There is no space 
here to describe the technique which has made it possible for 
surgeons to enter the brain itself without fear of catr3nng infection 
with them. Mote homely instances of removing bacteria ate 
found in the preserving of food. The oldest ways of preserving 
food are drying, salting and smoking. Bacteria need some 
moisture for life, and they cannot live in strong brme, which 
abstracts the water from their bodies. Smoking impregnates the 
food with chemicals alUed to carbolic acid (though less poisonous): 
these also kill bacteria. The preserving of food by refrigeration is 
effective up to periods of many months. Bacteria do not grow 
below the freezing point of water and only very slowly at tem- 
peratures a few degrees above. On this depends the bringing of 
chilled meat from distant countries. But canning is the chief 
method of preservation, and is now a gigantic industry. The 
canning of food is accomplished by sealing it up in containers, 
usually tins, and then heating these to a temperature which will 
kill all bacteria and spores. The importance of the industry may 
be judged from the fact that the U.S.A. produces in a year about a 
hundred and seventy-five miilion pounds’- worth of canned goods. 
Other countries, all put together, are far behind the U.S.A. 

If canned food is properly sterilised and sealed, it cannot decay 
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Of produce food-poisons. Insufficient headng is the cause of bad 
tinned food. The objection to a diet of tinned food is the 
objection to a diet of cooked food — ^that the vitamins present in 
the food ate largely destroyed by boiling. There is a strong 
instinct that fresh food is more nutritious than canned food, but 
apart from the vitamin content, there seems to be no evidence 
that it is in any way deficient or harmful. 

Bacteria ate rea^y poisoned by disinfectants. The best of 
these are hypochlorites such as chloride of lime, metallic salts like 
copper sulphate, phenolic compounds like lysol and carbolic add. 
But their use is limited: for locd disinfection (as of drains) and for 
emergences, they have their ^ue; but most of them are too 
poisonous for use in food or water, and disinfection of sewage is 
generally too expensive. One of the best disinfectants is sun-light. 
Bacteria succumb rapidly to ultraviolet light, the flourish 
exceedingly in dark and damp. 

These mediods of destroying bacteria are crude compared with 
those employed by the body. 

The body has two resources in killing bacteria. It has first a 
general resource against all types. The white cells of the blood 
seem to elaborate a substance which has the power of destroying 
bacteria in general. It will be remembered that the white cells deal 
with fordgn bacteria by killing and eating them. But the white 
cell has only limited possibilities: its chief weakness as a defence is 
that it cannot deal with the poison a bacteritun produces. 

Look at page loaj where the precipitin reaction is dealt with, 
and again at p. 947 where we considered the antivenines which 
cure snake-poisoning. In each case an animal has made a sub- 
stance capable of destroying a compli'* ted foreign substance. 
The body, it would seem, has the power of making and sending 
out substances each of which will destroy a particular complicated 
organic poison, and that poison alone. It seems very extra- 
ordinary that a South American guinea-pig should be able to 
produce in its blood an antidote which can destroy an African 
poison which' neither it nor its ancestors can ever luve met: but 
such is the fact. The Ehrlich side-chain theory suggests that the 
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huge protein molecules which make up guinea-pig tissue have 
some part which comHtus with the poison: if they had not, the 
poison would not affect them, and so would not be a poison. The 
guinea-pig, then, is believed to make a supply of these molecule- 
parts and to send them out into its blood to combine with the 
poison before it reaches the tissue-molecules themselves which 
are the vital parts of the animal. 

This process will destroy bacterial poisons and, it would 
appear, can destroy bacteria themselves, ihe result of inoculating 
an animal or man with living or dead bacteria i., to provoke the 
body to produce an agglutinin which causes tne bacteria to clump 
together and to be destroyed. 

The animal, then, ca attack an invading army of bacteria with 
its whi* ' cells, destroy the ba'te^al poisons with its specially made 
antidoie (antitoxin) and cause the bacteria to clump together and 
die by a specially made agglutinin. But ihe special making of 
anatoxins and agglutinins takes time. In infection by a bacterium, 
as in typhoid fever, it may be many weeks before the body has 
made enough antitoxins and agglutinins to destroy the invader: 
and in some rapid and deadly diseases, like tetanus, it hardly ever 
has time to do so. 

This is where man can assist in two ways. If we inoculate a 
sheep or horse with diphtheria germs, it will develop an antitoxin 
which destroy » them and their poisons. The sheep’s blood- 
serum can be drawn off and injected into the diphtheria patient, 
on whom the effect is quite magical. Diphtheria has thus been 
transformed from a deadly disease to a fairly harmless one. 

Another method of immunising is the “vaccine” method. 
A cl.arge of dead disease bacteria, or a mild and harmless strain 
of living bacteria, is introduced into the body. These provoke 
the body to elaborate a quantity of the right antitoxins, and so 
to be armed against the attacks of any wandering bacteria of the 
same kind. Vaccination is an example. Here cow-pox — ^a mild 
ailment — ^provokes the body to produce an antitoxin which also 
destroys the smaU-pox virus. The troops in France in 1914— 
1918 were protected against typhoid fever by injecting into 
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them two doses of dead typhoid bacteria before they embarked. 
The use of the dead bacteria is the ideal method. They contain 
the same proteins and toxins as living ones, and therefore 
provoke the body to produce the right antitoxin, but, being dead, 
they cannot multiply and cause the disease they ate intended to 
ward off. 


VIRUSES 

It would seem that there exist living things even simpler than 
bacteria. We have learned to expect that a disease which is 
highly infective is so because minute living bacteria or protozoa 
arc transferred from the sick to the healthy. Now a number of 
diseases such as measles and small-pox arc known which run the 
same sort of course as bacterial diseases, such as diphtheria or 
typhoid fever, but for which no bacterium can be found. In many 
of these diseases the cells of the animal or plant affected are 
invaded by very minute bodies, too small for us to be able to 
discover their structure. These bodies seem to be masses of even 
minuter particles so small that, when riie juices of the diseased 
creature are filtered though porous earthenware, they are able to 
pass. When we find that a ^sease is not caused by a bacterium, 
but that the fluids of the diseased animal or plant after filtration 
through porous earthenware still can infect another animal or 
plant, we say the disease is caused by a virus. Diseases caused 
in this way include small-pox, foot-and-mouth disease, hydro- 
phobia, distemper, yellow fever, mosaic disease of tobacco, and 
many otters. 

Why should we consider the virus to be alive? The chief 
reason is that it multiplies. If you inject a lifeless poison such as 
morphine into an animal you will get no more back from the 
animal than you put in, but if you inject a drop of foot-and-mourii 
virus into a cow it contracts the disease, and you may get a gallon 
of the same virus back fi:om it. Viruses, unlike bacteria, can only 
multiply in living creatures. Perhaps *‘alive” and “lifeless” 



Plants and Baeteria 


1017 

are not absolutely definite terms. A virus niight well be “alive” 
in the sense that it multiplies and reproduces its kind, but 
“lifeless” in lacking sensitiveness and response to environment. 
Actually, the particles of virus are so small that almost nothing is 
known about them except that they multiply and cause diseases. 
The diameter of the particles vary from o.ooooz cm. (200 mfi) 
for cow-pox to 0.0000008 cm. (8 w/x) for foot-and-mouth 
disease. 

Now a molecule of a simple protein like egg white is about 
4^ mfi in diameter. It would seem then that a particle of foot- 
and-mouth virus can only contain about seven protein molecules! 
The only functions we can conceive as being possessed by such a 
simple particle are the chemical reactions of multiplication and 
production of toxins. An object consisting of only seven mole- 
cules could hardly be thought to tindergo any'important physical 
changes as of shape, etc. The virus is perhaps die first stage in the 
progress from dead to living: the stage of die simplest kind of 
matter which has the power of muldplicadon. 
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EvoLimoN 

THE PROBLEM OF SPECIES 

M an has thought from the earliest times about the problems 
presented by the different types of creature. The general 
solution he reached was that an intelligent Deity created all the 
living species: that on Creation Day there were men, horses, dogs, 
snakes, elms, oaks, and radishes just as there are now. If any 
evidence other than that of his religious books was needed, he 
adduced the marvellous fitness of creatures for the part they had 
to play. He instanced the beautiful adaptation to flight of birds, 
with their hollow bones, their huge breastbone and pectoral 
muscles, or the ingenious methods by which an unconscious plant 
disperses its seeds, and said that these were obviously creations 
of an Intelligent Being. 

This view, that the species were created as they now are, is no 
longer held by those who have studied the evidence with an open 
mind. The scientific world is agreed that all the millions of 
species of animals and plants have become what they are now by 
slow changes, and that in all probability all are descended from a 
common and very simple and very remote ancestor. 

Let us see just what we mean by this. We mean that if you 
could examine your direct ancestors and the direct ancestors of the 
gorillas in the Zoo, you would find that as you examined more 
and more remote ancestors, you would fin^y come to a time 
when the gorilla’s ancestors and yours were the same species of 
creature. This would be perhaps 50 million years ago, two 
million or so of generations having passed. 
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If you could do the same with your dog’s ancestors and your 
own, you would again find a far distant common set of ancestors, 
queer creatures, half-reptiles, half-mammals, living in early 
Jurassic times xjo miUion years ago. Your chickens and you 
would have a race of almost brainless reptiles as common ancestors 
in the Permian period perhaps 200 million years back. The fly 
on the window and you are even more distant relations, for his 
stock and yours were certainly different as far back as 500 million 
years ago. Finally, the grass in the field and you may have had a 
common ancestor in the form of a single cell floating in primsEval 
seas more than a thousand million yatzs ago. 


BIRDS 



Fig. 524. — ^The tree of life. A scheme illusttating the way in which all 
living things may have been evolved from the single cdl as common 
ancestor. 


If all species can be regarded as having come into existence by 
gradual change, no new species having been created from dead 
matter, we can picture the evolution of all creatures as a sort of 
tree. Fig. 524 gives the broad outlines of the evolution of the 
species as we believe it to have occurred — ^with this in our minds, 
we can better appreciate the evidence for this view of the world’s 
living creatures. 

In the diagram, the ends of the branches represent living 
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species; the intermediate stages have died out. Thus, birds and 
snakes are both descended from some ancient and extinct 
reptilian ancestor, not £com any living type of reptile. Man is not 
descended from any living type of monkey, but both he and 
living monkeys are descended from an extinct monkey-Uke 
creature. 

In this diagram, the early stages ate the least cett^. They 
must have occurred about a thousand million years ago, and 
the simplest creatures, being soft and jelly-like, have 1^ little 
impression on the rocks. As we near the top of the tree, the 
evidence becomes ever stronger. 

Two very different questions must be answered in our study of 
Evolution, first — ^has it happened? — ^secondly, how has it come 
about? They are quite independent questions. The answer to the 
first is not disputed by any biologists — evolution has certsunly 
occurred. The method of evolution is in much more doubt. 
There are several plausible theories, but since evolution is sudi a 
slow process, they cannot be tested within a human lifetime. 


EVIDENCE FOB. EVOLUTION 

First, then, let us show that Evolution has occurred. We find 
buried in the rocks obvious remains of living creatures. No one 
can look at the remains figured in Plate XLVIII and doubt that 
they are the remains of creatures that once lived. 

We can date the rocks fairly accurately by the uranium method 
(page 741) and by the order in which we find them, the deepest 
being the oldest unless they have been disturbed. The result of 
the examination of the rocks is roughly set out in the table on 
p. 743. The yoimgest rocks contain mammals, the next youngest 
contain no mammals but show birds and reptiles; older rocks 
still contain no trace of these, but display plentiful remains of 
fish; still older rocks show only simple creatures like feather-stars 
and corals while the earliest show no recognisable forms of life. 
It is quite dear that the simple forms of life existed before the 
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complicated ones and so, if we do not believe that contmual new 
creations have been going on, we must conclude that the com- 
plicated forms ate of&hoots of the simple ones. No one has ever 
found a bird’s bone in the Gimbrian slates or a mammal’s bone 
in the Old Red Sandstone. There is an orderly progression from 
simple forms to complex ones. By simple forms, we mean forms 
of creatures with fewer and less efficient organs; by complex forms, 
we mean creatures with an elaborate organisation. As time has 
passed, so animals have become more capable of defence and 
attack and better able to resist adverse conditions. 

There is no doubt that if a lost continent, peopled only with 
giant reptiles of the Jurassic age, were to be discovered and a 
fauna of modern mammals were to be introduced, the latter would 
very soon exterminate the former, monsters as they were. They 
were strong, but they were almost without brain: probably they 
were very slow to respond to any stimulus. The general tendency 
among the larger creatures has been, judging from our fossils, 
for creatures with little nervous organisation to be replaced by 
those with more. The smaller and less intelligent creatures have 
survived, probably, rather by fertility and resistance to adverse 
conditions than by increased cunning. 

The rocks, then, tell us that simple creatures appeared first, 
and as time went on, more complex forms appeared. If, as the 
theory of evolution states, the more complex forms were the 
direct descendants of the simpler, it should be possible to find a 
succession of fossils to prove this. If, let us say, a small tapir-like 
creature evolved into an elephant, it should be possible to find in 
the rocks a succession of bones becoming less tapir-like and more 
elephant-like as we near the sur&ce. 

It is not possible to illustrate every stage of such a change, for 
of the creatures that die very few are fossihsed, and of the 
enormous masses of fossil-bearing rock, not a ten-millionth part 
has been examined. 

Many bones were devoured, others rotted, others . were 
scattered by floods or eroded away m rivers or on sea-beaches. 
None the less, it is possible to show almost every stage in the 
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Fig. 5*j. — A ^ries of skulls showing s gtadual change ftoin the t^>ii>liks 
moedtheiiain to the modetn elephant. The earliest skull may be seventy miUion 
yean old. The whole chat^ would be sptead ovet two million genetatloas, 
even assuming that the bleeding late was as slow as that of the modem d^hant. 
(Coottesy of the Ttostees of the British Museum.) 
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Fig. 526. — ^Reconsttuctions of the animals believed to be anoestots of the modem 
elephant (left to tight), motitherium, pala»ina$todon, tetiabelodon, 6 foot man 
(to indicate size), African elephant. 

evolution of the elephant from the moeritheriutn (Figs. 525, 526), 
or of the horse from the small deer-like eohippus. In a few 
cases where creatures were plentiful and well preserved, every 
detail can be shown. We do not know the rate at which ehalk 
was deposited, but it certainly represents the deposit laid down 
over some millions of years. If we collect sea-urchin shells from 
the diderent levels, we find that the shells from’ the bottom differ 
quite considerably from those at the top, but that every stage in the 
change from the bottom-type to tlie top-type can be found in the in- 
termediate levels. This really proves thatthese sea-urchins ev^dved. 

A consideration of the creatures at present living almost forces 
the notion of evolution on us. Look back to Figs. 477, 478, 482, 
484, 485. Why should man, dog, fowl, lizard and newt, be built 
on the same bone-plan if they are not all derived from a common 
ancestor with this plan? Look at the limbs of man, gibbon, dog, 
horse, elephant, bat and seal (Fig. 478), and of the fowl, lizard 
and newt (Figs. 482-485). They are all the same limb modified 
by lengthening one bone here and omitting another there, but 
never introducing a new structure. It is as if the wheel of a car, 
the oar of a boat and the wing of an aeroplane were all fomid to 
be built of the same pieces, distorted to smtable shapes. This 
common plan is easily understood if we suppose that all verte- 
brates have a common ancestor whose descendants gradually 
changed their bodies by tiny steps, each generation being no more 
different from the last than a parent is different from his children. 

If Evolution occurs, we can easily see that it must sometimes 
lead to disuse of an organ. If a whale has evolved from a land 
creature, as we believe, we should expect to find in it somewhere 




Fig 527. — Skeleton of Greenland Right Whale. Note vestige of hip-bone or 
pelvis {p\ and of thigh-bone or femur (/}. Compare with Figs. 477 and 490. It 
will be r^ily seen that the whale is a mammal and not a fish. (Courtesy of the 
Tnibtees of British Museum (Natural History), from A Gwde to the Wbalis, 
Porpoisu and Dolphtm) 

traces of the legs it needed on land. We find these (Fig. 527). 
If man descended from a monkey-like ancestor with a tail, we 
should find lemains of this tail he has lost. We find it ^ig. 
434, coccyx). When the theory of Evolution leads us to believe 
ti^t an organ lias been lost “recently” (in the geological sensei) 
we usually find vestiges of it. Now, the whale’s rudimentary leg- 
bones and man’s tail are quite useless. If the species had been 
separately created or had been made in (orf way except by modi- 
fying another species, their presence would be inexplicable. 
Such vestiges of older structures are commonly found in the very 
young aniW and are later lost. The human embryo has at a very ' 
early period the same system of great blood vessels as a fish 
(compare Fig. 491 B and D). It lias later a well-marked tail 
and, later still, a coating of ^e hair which it loses. The reason 
why the embryo has to develop in some respects in the same way 
as its race has developed is not known. 

Another set of fiuits, very hard to explain except by a theory of 
Evolution, is the geographical distribution of living creatures. 
The marsupials - poured mammals such as the kangaroo and 
opossum — are found only in Australia and South America. The 
only reasonable eiqilanation seems to be that (as fossils indicate), 
the world was peopled with marsupials at a date when there was 
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communication between these continents: that the mote efficient 
placental mammals then evolved and exterminated them evety- 
where except in Australia and South America, which by then 
were isolated from Europe, Asia and Africa. 

Finally, we have reason to believe that there has been a chemical 
evolution as well as an evolution of shape. The proteins of the 
blood of a dog are different from those of a horse. We have 
found a way of measuring the degree of likeness between the 
proteins of the blood of two creatures, and we find that the 
results show that creatures which for other reasons we believe to 
be recently derived from a common stock, are chemically alike, 
while those which we suppose to have only remote common 
ancestors have very different blood-proteins. There are three or 
four ways of testing the relationship between proteins. The most 
important of these is the “precipitin” test. If we inject the solution 
of a protein — say the serum of human blood — ^into an animal in 
a series of small doses, the animal’s blood develops an antibody 
(p. 1014) and so acquires the property of combining with thehuman 
proteins and turning them into a cloud of insoluble matter. The 
serum ofan animal treated like this will then, if mixed with human 
blood-serum, give a dense cloudy precipitate. It will not, how- 
ever, give any precipitate with the serum of a horse or an antelope 
or a pig. But it will give a precipitate with the blood of a monkey. 

Thus in a certain series of experiments animals were sensitised 
with human blood-serum, and to their serum the serum of various 
apes and monkeys was added with the following result: 


Type of blood-serum added 
to the sensitised serum. 

Intensity of reaction as showed 
by quantity of precipitate. 

Human 

100 

Anthropoid apes 

100 

Old-world monkeys 

92 

New-world monkeys 

78 

Marmosets 

50 

Lemurs 

0 

Other animals 

0 
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Oo we have here a proof that human beings are cbumcU^ 
almost identical with apes, very like monke3rs, allied to marmosets 
and quite unlike other animals. Tests of this kind can be done 
both with animal and with plant proteins, and they show that the 
animals and plants we believe for other reasons to be derived from 
a near common ancestor are chemically much more alike than 
those which have only a remote ancestor. 


THE CAUSE OF EVOLUTION 

All biologists are convinced of the fact of Evolution. Those 
who reject it have argued their case very fully, but they have not 
succeeded in convmdng professional biologists, who, after all, 
are the people with a first-hand knowledge of the evidence. 

It is ano^er matter when we come to discuss the way in which 
Evolution IS accomplished. The Darwinian theory is based upon 
natural selection, and this is clearly one agency at work. The 
principle is simple enough. Animals of a given species vary 
slightly and some of these variations can be inherited by their 
offspring. Ihe animals who are least well able to get their 
food and escape their enemies are the most hkely to die. They 
are thus less likely to be parents of ofispring than are the better 
eqmpped members of their speaes. Thus, the succeeding 
generation will be chiefly the offspring ot the parents who are 
^st at getting their hvmg. If the offspring inherit the qualities 
of their parents, they will be them.>elves mote efficient than the 
average of the generation before. The whole race will therefore 
change steadily in the direction which will enable them to survive. 
This progress may be towards greater strength and size, as with 
the horse and elephant and the great dinosaurs long before: it 
may be in tihe direction of greater protection, as in the case of the 
tortoises — evolved from lizard-like creatures: it may be in the 
direction of brain as with men and apes: it may be in the direction 
of an easy vegetative life and an efficient r^roductive system as in 
the case of an intestinal parasite. All that is necessary is that the 
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dian^, 'whatever it is, shall increase the chance of the changed 
individual having more surviving ofispring than his fellows. 

Ko one disputes that Natural Selection Is going on: the 
objectors to Darwin’s theory consider that, though natural 
selection takes place, the inherited changes are so slight that they 
would have no appreciable effect in saving the lives of their 
possessors. They maintain, too, that most variations are harmful 
and would not assist the creature that inherited them. 

However, it is generally thought that these objections are not 
sufficiently strong. Small inheritable variations do occur. The 
creature whose breeding has been best studied is the fruit-fly 
Drosophila. Some 400 small inheritable variations have been 
noticed; these ate certainly teal alterations in the genes. It seems 
unjustifiable to say that most variations of this bnd must be harm- 
ful. There is no reason why a dandelion might not as well vary in 
the direction of having a longer plume on its seed, so getting 
better dispersion of its seeds, as in the direction of having a shorter 
plume. 

It was thought at one time that a new and favourable character 
such as a thicker coat of hair, a longer claw or stronger tooth, 
would not be inherited appredably, because by breeding with 
normal individuals the new quality wotild be diluted to nothing. 
But from what has already been said about heredity, it should be 
clear that a new dominant gene will be transmitted to half the 
ofispring who will transmit it to half their ofispring. If any of 
these survive, it will thus become a permanent part of the race. 

The Lamarckian theory is founded on the belief that the use or 
disuse of an organ causes it to develop or dwmdle and that this 
alteration is to some extent inherited. The Lamarckian would say 
that the giraffe’s ancestors stretched their necks in nibbhng leaves’ 
from trees: their offepring were bom with longer necks and the 
process continued till the giraffe reached its present proportions. 
There is no real evidence for this theory. The obvious evidence 
agrinst it is that the Jews have dreumdsed thdr children for 
perhaps 4,000 years and the Jewish baby is still bom quite com- 
plete like any other. The Lamarckians object that a mete mutila- 



1028 The World of Science 

don of this kind will not affect the germ-cells: while the more 
intimate chemical mechanism of developing or atrophying an 
organ might do so. There is however little evidence for their 
view. 

A third belief is that the ‘*germ-plasm” (chromosomes and 
genes) of a species has a particular tendency to alter in certain 
directions: that a stock tends to vary in certain ways. Thus, the 
reptiles show a tendency to develop heavy armour — a tendency 
which led to the extinction of many races. The ammonites, 
molluscs of the ancient seas tended to produce more and more 
complicated patterns in the partitions between their chambered 
cells. It seems imlikely that these variations can have had any 
advantage to the creatures and it looks as if the ammonites’ 
chromosomes had some “kink” which made them develop 
genes for “complication of septum.” This view is known as 
the theory of Orthogenesis. 

All these theories have their difficulties, but the Darwinian in 
its modern form is at least an intelligible theory which cannot be 
shown to be seriously unlikely. When scientific men have been 
working on the breeding of animals for another fifty years, we 
shall have a clearer idea of its possibilities. 

Evolution is exceedingly slow. It may take a million genera- 
tions to alter a stock enough to cause it to be classed as a new 
species. The only creatures which might have gone through a 
million generations since the date at which the Darwinian theory 
was first put forward are bacteria. They are an unfavourable 
case, for they are so small and simple that it is difficult to tell 
whether they have undergone any evolutionary changes. 

Whether the Darwinist or Lamarckian or neither is correct. 
Evolution remains. A thousand fascinating instances of its 
working could be given: in our short space, we can go into 
details of but one — the Evolution of Man. 



THE EVOLUTION OF MAMMALS 


It seems possible that life originated spontaneously in the 
ptinueval ocean. The newly cooled earth was lifeless: but the sea 
contained the mineral salts needed for life. It contained nitrates 
and probably ammonium compounds — for anunonia is present 
in the atmosphere of Jupiter and Saturn, and since it dissolves 
in water and combines with it and carbon dioxide to give 
ammonium carbonate, the sea would soon contain whatever 
quantity of ammonia there was in the atmosphere. There were 
present then, as simple compounds, all the elements needed for 
life. There is very fair evidence that, by the action of ultra- 
violet light from the sun’s rays, carbon dioxide and water would 
form first formaldehyde, then sugars, and that the ammonium 
compounds, nitrates, sugars, etc., would build up organic 
nitrogen compounds. There being no bacteria to cause decay, 
these compounds would accumulate till the sea was a solution of 
various organic compounds. Reactions which are negligible in 
the hour or two we give them m the chemical laboratory would 
in coimtless millennia build up quantities of highly complicated 
compounds. 

Now comes the difficult step. We can believe all tliis, but can 
we believe that a chance assembly of the right molecules might 
form a living particle capable of nourishing and reproducing 
itself.^ Think of a virus particle made up of only a dozen protein 
molecules, and probably some sugars and salts and certainly 
a good deal of water. If you could put a set of the right molecules 
— dead matter— into the exact positions occupied by the same 
molecules in a living particle, would this not make a living thing? 
If we believe that a living thing is simply very complicated mole- 
cules arranged in certain positions, it is difficult to escape this 
conclusion. The chance assembly of the right molecules, from a 
primsEval sea containing them, may seem hugely unhkely, but so 
vast a crowd of molecules are present even in a drop of solution, 
that, given milli ons of years of collisions of billions of molecules 
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occufting billions of limes a second in every drop of liquid of 
which there are billions of billions of drops in the sea, the 
formation of a living particle seems less unlikely. It is really 
impossible to estimate ^e probability of the formation of such a 
living particle: all that can be said is that few of those well 
acquainted with the subject believe it to be impossible. Once 
formed, the living particle would have no competitors. It could 
feed and divide and flourish without chance of extinction. There 
is one reason to think that from one such chance encounter of 
molecules sprang all life. Many of the molecules of living things 
are unsynunetricaland existin two forms; like a right and left-hand 
glove. Only the right-handers are found in living things, though 
the left-handers are absolutely identical in their behaviour except 
that their crystals are mirror-reflections of the crystals of the right- 
handers. All processes for making these unsymmetrical forms 
from the simple molecules, which ate all symmetrical, give equal 
proportions of right-handers and left-handers. So our primaeval 
sea would contain both kinds in equal proportions. If life had 
arisen several times, it would very probably have, in some 
instances, been based on left-handed molecules; but since all living 
things have right-handed molecules, it seems likely that they came 
from one single right-handed unit. 

There is no fossil evidence of the earliest stages of life. We may 
suppose that the primitive virus particle developed into a cell 
with a nucleus by what must have been a very lengthy process. 
We must believe that at a very early stage some cells developed 
the power of building chlorophyll and so making their own food 
like plants. The colourless cells probably developed more 
efficient means of locomotion and digestion and, like the simple 
Volvox (Fig. 5 z 8) to-day, joined into colonies. Closer association 
gave the first metazoa, creatures with many cells. These de- 
veloped, we may think, a division of labour. Some cells digested, 
others defended, others became sensitive to touch and ligh^ 
others were contractile and acted as primitive muscles. 

The next step was the building of some nerve system, so that a 
central control could direct the actions of the body. The next 
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Fig. 528. — ^Volvox. A colony of cells, tcptesenting a stage intcf- 
memate between single-celled and rnany-ccllcd creatures. A. The 
whole colony, globular in form and moving as a single unit. It is 
about the siae of a pin’s bead. D. The individual cells, identical 
but not isolated units, connected by threads of cytoplasm. By 
division daughter colonies are formra within the hollow sphere. 

The latter, at a certain stage, breaks up and liberates these;. 

Volvox is intermediate between plant and animal. Like the 
former it has chlorophyll and plastids, like the latter flagella and 
eyespots. 

stage was to develop a body cavity to contain the organs which 
before were stretched and distorted by every motion of the body. 
Blood was now evolved, making for the possibility of no uris hin g 
a large creature. 

At this stage came a great parting of the ways. The star- 
fish family developed its curious water-tube system: it is still a 
flourishing concern but has by no means conquered the world. 
Another group of animals difierentiated into the worms and the 
arthropods (insects and crustaceans). These latter were hampered 
by the hard shell they developed, necessitating moulting as they 
grew. They developed extraordinary instinctive powers, but no 
intelligence in the mammalim sense. Insects are to be found in 
every comer of the earth: they are one of evolution’s successes. 
The moUuscs have developed successfully too. They have not 
apparently developed a high nervous organisation, instinctive or 
intelligent. But, krgely by the protection of limey shells, they 
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have staked out a claim, patdcularly under water. The octopus 
and cuttlefish which have specialised in activity and strengdi ate 
most efficient creatures. 

But another branch of the tree of life progressed in the direction 
of a better nervous system and developed the great nerve along 
the back, protected by a backbone. The fishes developed a very 
efficient breathing arrangement of gills aerating the blood stream: 
they developed better eyes and better brains than the insects or 
molluscs and above all, they invented bones, which give a big 
creature strength without imprisoning it in armour. 

They invented jaws and teeth. Their next step was to come out 
on land. Their swim-bladders, wliich keep them at the desired 
depth in the water, were specialised into lungs. The lung-fish 
which can breathe under water by gills and also breathe air by 
means of a primitive lung is still at this stage. Fins were used to 
drag their bodies about over muddy banks and gradually evolved 
into legs. The fish turned into clumsy amphibians much like 
gigantic newts. 

The amphibian lays a soft jelly-like egg and so must breed in 
the water. The next stage was to invent the shelled egg in which 
the young could develop freely. This invention made animals 
free of the water. They were now reptiles. Some developed vast 
size and strength: others developed weighty protective armour: 
but the successful move was an interntJ improvement, the 
development of warm blood. 

A great many reptiles have survived, but the huge creatures 
with tiny brains have gone. The modern reptile is, for the most 
part, a small highly active creature with a very fur nervous 
organisation. The warm-blooded reptiles evolved, it would seem, 
first into birds and secondly into mammals. In both cases brain 
has been improved, though far less in the birds. The mammals and 
birds have the boon of temperature regulation (p. 905). A 
reptile is helpless in cold weather. The snakes wound round the 
music-hall dancer’s neck have been put in the ice-box till their reac- 
tions are so slow that theyare harmless! By developing a constant 
temperature, mammals became almost Independent of weather. 
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The development of mammals was very tapid. Some specialised 
for insect-eating, others for vegetarian feeding by gnawing: 
some, like seals and whales took to the water. Others, like the 
antelopes and horses, took to grass-eating and specialised in speed, 
valuable on the open prairie. The stock which was to produce 
man took to the trees. An arboreal life demands much more 
complicated and varied modons of the limbs than any other; and 
these motions can only be executed through a first-class brain. 
The distinguishing features of man are his brain, his forward- 
reaching vision and his mobile and sensitive hands. Let us try to 
see how the tree-climbing creatures developed into men. 


THE EVOLUTION OF MAN 

That Man is a product of Evolution cannot reasonably be 
doubted if we accept the evidence that all living creatures liave 
sprung from primitive single cells. None the less, this evolution 
has been far more difficult to trace than that of the horse or 
elephant. Of man, since he first lived in communities and buned 
his dead, there are plentiful remains, but of creatures closely 
allied to man but sufficiently different to be classed as different 
species or genera, the remains are very scanty. We shall see that 
man’s forerunners were ape-hke, and fossil remains of apes are 
necessarily very rare. Being tree-dwellers, they are not sunk in 
bogs or buried by landslides or even drowned and sunk in 
river mud. They die in the trees or on the ground and are eaten 
by nature’s scavengers. In their attempt to trace the evolution 
of Man, biologists have depended first on fossil remains, then 
on comparisons between man as he is and his nearest animal 
relations as they are. 

If a biologist from another planet studied our fauna, he could 
not help classing man with the apes and monkeys. 

Ginsider the great numbers of points shared by man and the 
apes and monkeys. Most of these are possessed by no other 
animals. Man, apes and monkeys — classed together as Primates — 
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have large brains for their size. Their eyes are directed forward so 
that they can have stereoscopic vision. They depend on sight for 
their guidance rather than smell. They have nearly always five 
digits — fingers and toes — and they can move their thumbs apart 
from their fingers so that they can grasp an object between finger 
and thumb. They have fiat nails and no claws. Their faces are 
comparatively fiat, they have roimd domed skulls and small much- 
convoluted ears. Apart from their brains, they are not highly 
specialised. A hand is far more like the primitive reptilian foot 
(as of a lizard) than is the specialised hoof of a horse or cow or pig, 
or the wing of a bird or bat. 

Finally, there is the very strong evidence of the precipitin 
reaction— detailed on p. 1025 . These fects, with others depending 
on points of anatomy, convince us that Man belongs to the 
Primates and that they and he probably have evolved from a 
common stock. We do not believe, of course, that man evolved 
from any species of monkey or ape identical with those living 
to-day. If we believed this, we should be asserting that while 
some of his monkey-ancestors evolved into men others remained 
wholly unchanged — a most improbable suggestion. We say, 
rather, that some of the creatures who are our direct ancestors 
would be classed as apes or monkeys if they were alive to-day. 

In the Permian period, some 200 million years ago, reptiles were 
developing into mammals. In the late Palxocene and Eocene, 60- 
80 million years ago, the placental mammals had been evolved and 
were separating into various groups. The Rodents specialised in 
gnawing, the Carnivores in an equipment of strength and weapons, 
the Ungulates in speed. A comparatively insignificant group were 
those who later became the Insectivora— moles, shrews, etc. — and 
the Primates. The earliest primates were probably like the tree- 
shrew of to-day. This insignificant creature has, anatomically, 
much in conunon with the monkey tribe. The important feature 
of these early shrew-like Primates was that (hey took to the trees. 
A creature that lives an active life in a tree must be agile, that is to 
say it must execute complicated motions of many different kinds. 
Running or fiying are easily made automatic; much the same 
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steteotyped movements ate repeated and a simple otganisadon of 
nerves is sufficient to do this. A creatute flinging itself about a 
tree meets branches of all degrees of springiness set at every 
angle. It must see these and be able to adjust itself to meet them. 
To do this, a fairly well-developed brain is needed, for every type 
of motion must have a corresponding relay of nerve-cells in the 
brain. Moreover, smell and touch are not of much use in the 
trees, but sight and hearing are particularly valuable. Accord- 
ingly, arboreal creatures develop a good brain. An interesting 
parallel case is the parrot who climbs about the trees with claws 
and beak much as you may watch him climbing about the bars of 
an aviary. The parrot has, therefore, developed a better brain 
than any other bird — which is not sa)dng much. To return to the 
early Primates, an interesting comparison can be made between 
the brains of two similar modern creatures, the arboreal tree- 
shrew and the terrestiai jumping-shrew. The bigger brain, 
specialised on the area which deals with sight iniages, is interesting. 

The simplest modern creatures allied to the monkeys are this 
tree-shrew and the Tarsier and the Lemurs. These last represent 
branches which split off from the primates some 70,000,000 years 
ago. IVIany Tarsiers have existed but the only one now known is 
that queer little beast the spectral Tarsier found in the Malay 
Archipelago (Plate XLVIII). 

The interesting thing about him is his face. His huge eyes look 
forward. His snout is flattened and the face has almost a sem- 
blance of humanity. The Lemurs need not detain us: they have 
definitely evolved away from the human stream. The next 
milestone in the progress of the Primates is the marmoset type. 
These have poor brains for monkeys but, compared with other 
animals of the same size, the neo-pallium is enormous. The neo- 
pallium is the part of the brain wUch receives and records all the 
messages from the nerves of the eyes, ears and skin and also 
regulates all the voluntary muscles. It is this organ of the brain 
which enables the manur^ to learn by experience — ^i.e., register 
sense impressions and let them influence their actions. Figg 
shows the progress of the brain from the tree-shrew to the 
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simplest monkey. It must be temembeied, of cootse, that the 
ttee-shrews did not turn into Tatsiers and Tarsiers into mar- 
mosets: but there were, on the road from reptile to Man, tree- 
shrew-like, tarsier-like and marmoset-like stages. Notice the 
steady increase of visual and acoustic areas and decrease of the 
olfactory areas — concerned with smell — and the appearance of a 
prefrontal area which is concerned with co-ordinating the 
movements of the eyes — leading to “watching,” attention, and so 
to the beginnings of thought. This area is enormous in the 
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Fig. 52^. — The brains of the simplest primates. The brain (x) of the 
tertestial {umping^shrew f z) of the arboreal tree shrew. Note the reduction in the 
olfactory portion devoted to smell and the increase of the parts devoted to sight 
(visual). 3 and 4. The brain of the Tarsier and marmoset. Note the increase of the 
areas teptesenting sight, skilled movements (motor), hearing (acoustic), intelligence 
prefrontal). (Courtesy of the Oxford Universi^ Press and Professor Elliot 
sWth, from the latter’s Essays in tbs Et/ohOion of Man,) 
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human btain and is regarded as the region where teal thought is 
carried on. Two other important areas, the parietal and temporal, 
appear in the monkeys: these are concerned with skill of move- 
ment (Figs. 480, J29). 

The old-world monkeys, then, represent a further stage in 
development of brain. But a much greater advance is manifest in 
the apes. The four apes. Gorilla, Qiimpanzee, Orang-outang and 
Gibbon, are classed with Man as Anthropomotpha. All five are 
alike in having no tail, an erect or semi-erect posture and the best 
brains yet evolved. The Gibbon is the link between the apes and 
monkeys. The ape’s brain has all the areas of the human brain, 
but they are much less developed, the great differences being 
noticed in the prefrontal area concerned with ingenuity and the 
highest mental functions, and in the temporal and parietal area 
concerned with skill of movement. 

The ape cannot do what man can do because he has not got 
these huge prefrontal, temporal and parietal areas in which all his 
sensations and experiences are linked up as memory. An ape 
cannot talk because this requires a brain with the power to connect 
sight-images of things, first with the right sequences of com- 
plicated tongue, lip and vocal cord movements needed to make 
the words, and secondly with the ear-impressions of the words 
spoken by someone else. Thinking is obviously a matter of 
dealing with sense impressions. We think in terms of pictures 
blending into each other, or in “words”— records of sounds 
heard, or sight-images of print. Our mental development is 
obviously conditioned by the ability to store up huge quantities of 
sense images and to bring these into connection so as to form a 
logical sequence. The man-like character of a creature re- 
presented by a fossil skull may therefore be fairly judged by thd 
size of the prefrontal, temporal and parietal areas. 

An ape, then, cannot do the specifically human act of talking, 
much less writing or reading. It can only just think out for itself 
the notion of using an object as a tool — fitting two sticks together 
to make a longer one in order to reach a banana or putting one 
box on another to attain the same object of desire. One could 
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never imagine an ape drawing anything or building anything or 
making any object of bis om accord, though he can be taught to 
use a knife and fork or ride a bicycle. 

When the ape learned to walk uptight — ^no living ape has. 
attained more than a stooping posture — ^his hands were freed. 
Instead of employing them to swing him about trees, he could 
use them for handling objects — sticks, stones and the like. 
This must have greatly improved the parts of his brain employed 
for muscle-skill and so perhaps opened the way to the supreme 
muscle achievements of speedi and writing. 

The period during which animals which can fairly be called 
men have existed must remain very doubtful. There is wide 
disagreement among authorities. It would not be disputed that 
man has existed in some form for a million years, but many of 
the most important remains have been found in strata which are 
very difficult to date. 

The gap between ape and man is spanned by a few fossil skulls. 
The earliest stage is Pithecanthropus — the Java ape-man. 

Pithecanthropus dwelt in Java at a period which is difficult to 
date but which may be some 150,000 years ago. The bones are 
very ape-like but it seems clear that the brain, though small for a 
human being, shows signs that the speech area (in the temporal 
region) has begun to develop. Pithecanthropus was probably 
on the verge of being human. Though the actual skull may be 
150,000 years old. Pithecanthropus is probably a survivor of a 
far older period, more than a million years ago. It docs not 
always follow that the most ancient fossils represent the earliest 
stages in evolution, for it may well be that early types persisted 
after later ones had evolved. The earliest of truly human remains 
is probably the Sinanthropus skull found in China. From the 
evidence of the fossil bones found near it, it may be about a 
million years old. There is evidence that man, as long ago as 
this, had the use of fire. The next remains are the remarkable 
Piltdown skull, to the genus of the owner of which the name 
Eoanthropus has been given. These remains are a good deal 
later in date than those of Sinanthropus, but belonged probably 



to a very similar creature. 

This fragmentary skull 
has been pieced together 
with great skill. The 
jaw is ape-like, and the 
creature evidently had 
the powerful bite !of the 
ape. Its skull was very 
tUck. The brain was far 
larger than an ape’s, and 
not smaller than the 
smallest human brains. 

The skull is low and 
broad and was definitely 
deficient in the prefrontal area we associate with thought. 

The next man-like creature, Horn HeidelbergensiSy is represented 
only by a jaw which dates from the lower Pleistocene laid down 
perhaps two or three hundred thousand years ago. The jaw is less 
ape-like than that of Eoanthropus. 

Of the species of Man most nearly allied to the men living 
to-day — ^Neanderthal man — many skulls and bones have been 
found. He may have existed a quarter of a million years ago: the 
latest remains are 40,000 years old. The skulls are quite different 
from modern man’s (Fig. 530). 

Fig. 53Z gives a fair idea of his appearance, far more man-like 
than any ape, and far more ape-like than any man. His brain was 
as large or larger than tlte human, but the development was 
rather in the region of memory than of thought. He was certainly 
human, for he made Hint implements and in the use of tools 
showed a definitely human trait. He could draw, and some of his 
drawings have for realism never been surpassed. 

A remarkably complete skull and bones found in Rhodesia 
(named Horn Khodesiensis), but unfortunately impossible to date, 
tells us of another distant human relation. His forehead was very 
low, his nose very flat and his teeth and jaws enormous — 
though much more human than those of the Piltdown Eoan- 
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Fig. 530. — ^The skull of Horn NetmdtrfbaUnfij 
(Courtesy of the Trustees of British Museum.) 
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tiu jy . — ^The profiles of the skulls of Gonlla, 
RhoaMian man. Neanderthal mao (La Chapdlc aux 
Saints) and modern European. (Source as for Fig. 5 29.) 



Fig. 5J2. — A 
reconstrucrion 
of ham 3 MOM- 
Jer/balentis, 
Note the form 
ofhis skull, his 
rather long 
arms and 
stooping pos- 
ture. 


thiopus. The brain was probably inferior to that of the Neanderthal 
man, but he may have been superior to him in walking erect. 
Neanderthal man seems to have disappeared about 40,000 years 
ago, ousted by the Cromagnon race who were, in fact, modern 
men. All hving men are classed as vaiieties of the speaes Horn 
Sapiens. The Australians are, perhaps, the must primitive, the 
negroes, Mongols and European races following. 

The scheme in Fig. 533 (reproduced from Prof. Elliott Smith’s 
Essays on the Evolution of Man) gives tlie probable Family tree 
of Man. Are we to look forward to further evolution? If natural 
selecdon be the cause of evolutionary changes, probably not. The 
incompetent, in civilised nations, breed as freely or mote freely 
than the competent. If we are Lamarckians we may well believe 
that Man’s effort for knowledge will cause him to develop his 
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btain yet further. The believers in Orthogenesis can look 
forward to a future in which the tendencies of the germ plasm of 
the primate to evolve towards brain will continue. 

Perhaps Man will find out the causes of Evolution and the 
secret of altering the germ-plasm. No one can then set limits to 
his mastery of the Universe. 



CHAPTER XLIII 


Looking Ahead 

S CIENCE does not pause for a moment. The picture I have 
roughly outlined has already shifted since I drew it. Science 
changes, but not often through its findings being proved false: for 
this is rare. New facts are discovered, and we look on old know- 
ledge from another point of view. A great discovery, such as that of 
the electron, does not render the old knowledge untrue: but if we 
read a work on electricity written in 1870 we are conscious that, 
while the author says nothing that is not true, he gives a poorer 
account of the subject because he does not perceive how the 
phenomena he correctly describes are linked and unified as being 
almost all the consequence of the moving of electrons. Unques- 
tionably, discoveries will be made in the light of which our science 
of to-day will look — not untrue — but narrow and impoverished. 

What are these discoveries to be? Is it possible to hazard a 
guess or two as to what the discoveries of the next century or so 
will concern? Let us glance first at Physics and Engineering. 
Two kinds of advances can be made: first and least interestingly, 
the knowledge we already have may be applied. There is very 
commonly a great lag between the discovery of a fact and its use. 
The glow of neon was known thirty years ago: the ‘‘tubes” have 
gladdened our streets for but half a dozen. The principle of 
hydrogenation of oils (p. 235) dates back to 1900, but it did not 
attain successful commercial use until about 1912. But it is more 
interesting to guess the new principles which may be discovered. 
The first large and obvious hole in our physics is our lack of mathe- 
matical equipment. When we wish to calculate such matters as the 
way atoms are likely to vibrate in a lattice, the orbit an electron 
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would take if it travelled round two positive nuclei, tile paths that 
any three bodies in space attracting each other will assume — ^we 
find that the human brain is at fault. The monkey cannot coimt, 
the savage often cannot count beyond five; civilised man has made 
gigantic progress in mathematics, which is really a way of 
thinking on paper, using letters instead of thoughts: but out 
understanding of many problems is waiting for new mathematics 
— ^for a new technique of thought. The outstanding problem of 
physics is the nature of electrons, positrons, protons and neutrons 
and atomic nuclei. Are the first four ultimate particles or are they 
sasceptible of being converted into each other? Can radiation be 
made into matter and vice versa? How is it that an electron can 
behave like a wave and a train of waves like a particle? How, if at 
all, do electrons move in the atom? What is the inside of the 
nucleus like? 

These problems are difficult but none would care to say that 
they will not be solved within 25 years. 

The problems of Chemistry hang on those of physics. The 
chemist’s fundamental problem is: Why do atoms combine 
into some molecule-patterns and not into others? He has some 
rather crude rules and explanations, but he would like to know, 
for example, why, though he can get H2O and HgOj, he cannot 
get H20 j: or why cobalt salts form a vast number of complicated 
compounds with ammonia, while iron salts, otherwise so like 
them, do nothing of the kind. 

The chemist, too, wants a new technique, and it cannot be said 
that he secs his way towards getting it. His old methods of 
purifying things by crystallising tlicm and distilling them and 
identifying them by boiling points and melting points and crystal 
shapes are almost useless for the largest molecules which are 
particularly interesting from the biological point of view. Un- 
doubtedly, the chemist, by the use of X-ray pictures and crystal 
structures, will find out a great deal about the compounds he 
cannot now tackle. Fresh knowledge about the atom and 
new methods of handling big molecules may at any future date 
transform chemistry. 
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The obvious difficulty of gaining geological knowledge is 
that much of it is inaccessible in the past, and so cannot be the 
subject of experiment. No one has indicated any possible method 
of looking into the past except the metliod of the detective — 
that of piecing together small clues. It is probable that the lapse 
of a very few years will see developed accurate ways of dating 
specimens of rocks which would do much to clarify their in- 
terrupted story. The obvious defects of geology at present 
are our great ignorance of the bottom of the sea, the upper 
air, and the crust more than a mile or two below our feet. Deeper 
borings will probably be made — particularly if a rich country 
becomes interested in science. If the U.S.S.R. were as wealthy as 
England, it would soon have some really Jeep borings. Astronomy 
depends for its advances on the perfection of instruments to 
show the material*, the directions and sizes of stars; and on 
mathematics for the reasoning wiiich turns the observed figures 
into an intelligible world picture. It is not too much to hope 
that a quarter of a century may bring very strong evidence 
as to the age of the universe and to the question of its apparent 
expansion. 

Finally, Biology is the real Tom Tiddler’s ground of the 
Sciences. In every direction lie problems to be solved. Whether 
in working out the problems of heredity or elucidating the 
causes of Evolution or tracing the mechanism of the working 
of the body, far more problems are crying for solution than 
there are workers to tackle them. The outstanding problem, 
however, is at once biological, physical and chemical. It is — 
What is happening in the cell? What makes the few hundred 
molecules in a tiny bacterium or virus alive — able to assimilate 
and reproduce? If we could know this, we might be able to 
hazard a guess as to the great question of What is Life? and 
perhaps draw nearer to that possibly insoluble question — What 
is Thought? 
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Absolutjs Zero, 72 
Acceletation, 154 
Accumulators, electric, 298 
Accumulators, steam, 226 
Acetic acid, 625 
Acetone, 622 
Acetylene, 600 
Acetylene, storage of, 126 
Acids, 5 7^5 80, 624-626 
Acoustics of buildings, 389 
Acrolein, 624 
Acrome^y, 882 
Adrenal gland, 881 
Adrenin, 88 x 
Aerial, 505 
Aeroplane, 357 
Age of rocks, 743, 744 
Age of universe, 811-812 
Agglutinin, 1015 
Air, height of, 725 
Air, liquid, 1^6-137 
Air, oxygen in, 582-583 
Air, pressure of, 1 29-1 31 
Air, resistance of, 157 
Air-cushion, 132 
Air-transport, ^6 
Alcohols, 607 ff 
Alcohol ethyl, 609-613 
Alcohol methyl, 609 
Alcoholic drinlu, 6 10-611 
Algae, 996, 998 
Alkalis, 579 
Alkaloids, 040-641 
AU-or-none Law, 887 
Alloys, 684 

Almonds, oil of bitter, 624 
Alpha-rays, 524 
Alternation of Generations, 994-1004 
Altitude, measurement by tailing point, 
X19 

Altitude, of Stat» 760 
Aluminium, 74 

Alnmiftinm, maoufiictute of, 69I 


Amino-acids, 623-633 

Ammeter, 309, 320 

Ammonia, 649 

Ammonium sulphate, 649 

Amphibians, 949-952 

Amphibians, circulation in, 952, 954 

Amplitude of wave, 365 

Amyl acetate, 627 

Androsterone, 921 

Annelida, 967 

Anticyclones, 722 

Antimony, 75 

Antitoxin, 1015 

Anttvenine, 947 

Ants, 964 

Aorta, 846 

Arc, 291 

Arc-fumace, 292 

Arc-lamp, 449 

Arc-welding, 25,1 

Archaean period, 743 

Arteries, 845-847 

Arthropods, 957-965 

Artificial horuson, 88 

Artificial silk, 619 

Asbestos, 658 

Ascorbic acid, 875 

Asphalt, 233, 235 

Aspirin, 602 

Asteroids, 782 

Astronomical telescope, 494 

Astronomical unit, 705 

Atmosphere, 711-726 

Atmosphere of Earth, 7 ii 

Atmosphere Mim of, 718 

Atmosphere of Planets, 586, 774 

Atmosphere, temperature of, 725-726 

Atom, 25 

Atom, structure of, 27, 434-436, 328- 

Atomic number, 541 
Atoms, size of, 30-52 
Atoms, forces bkween, 29 
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Atoms, weight of, 30, 3 1 
Attopioe, 602 
Aiijx>ia Borealis, 726 
Autonomic Nervous System, 906 
Axon, 884 
Azimuth of Star, 760 

Bacteria, 1009 
Bacteria, anaerobic, 1011 
Bacteria, destruction of, 1015-1016 
Bacteria, of disease, 1012 
Bacteria, in intestine, 872 
Bacteria in soil, 1010, loii 
Bakelite, 625 
Balance, chemical, 182 
Balance, sense of, 894 
Ballistic pendulum, 149 
Balloons, 140 
Balloons, hot air, 140 
Balloons, hydrogen, 573 
Barometer, 130, 131 
Basalt, 729 
Bassoon, 407 

Batteries, electric, 295-297 
Beer, 610 
Bees, 963 
Bells, 404 
Bells, electric, 325 
Belt-drive, 192 
Benzene, 603 
Beta-rays, 324 
Big Bertha, 158 
Bile, 871 
Binoculars, 496 
Binocular vision, 899-900 
Birds, 9J9-944 

Birds, adaptation to flight, 940, 941 
Birth, 926 

Bladder, urinary, 859 
Blast furnace, 687 
Bleaching, 666, 674 
Bleaching powder, 665 
Bleeders, 840 
Blood, 839-844 
Blood, circulation of, 844-85 1 
Blood, clotting of, 841 
Blood groups, 842-843 
Blood, red corpuscles, 841 
Blood, legation of, 85 1 
Blood, white corpuscles, 843, 844 
Bloodstains, detection of by U. V. light, 
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Blue prints, 480 

Body, temperature regulation of, 906-907 


Boiler Installations, 257 
Boiler, Lancashke, 261-263 
Boiling-point, 48 

Boiling-point, dtetation with pressure, 
118 

Boiling-point, altitude by, 119 
Boiling-point, of water at various 
heights, 119 
Bones, 824-829 
Bones, repair of, 826 
Boric acid, 576 
Bow, of violin, 401 
Boyle’s Law, 134 
Br^ydactyly, hereditary, 915 
Brain, 907-910 
Breathing, control of, 8j5 
Breathing at high altitudes, 856 
Breaching, medianism of, 854 
Brincll, hardness tester, 59 
British Aluminium Co., 240 
Bronze, 54 

Brownian movement, 493 
Brush discharge, 286 
Bulb, 991 

Bullet, path in air, 1 56 
Bullet, speed of, 148, 149 

Cable, submarine, 323 
Caflein, 84 
Calcium carbide, 601 
Calcium carbonate, 699 
Calcium phosphate, 654 
Cam, 188 

Cambrian period, 743 
Cameras. 477, 479 
Camphor, motion in water, 93 
Cancer, treatment by X-rays, 517 
Candle, light from, 438 
Cajie-sugar, 617 
Canning of food, 1013 
Capillaries, human, 845 
Capillary attraction, 96, 97 
Carbohydrates, 614-621, 861 
Carbon, 387-632 
Carbon cycle, 642 
Carbon dioxide, 591-5 93 
Carbon monoxide, 254, 589-591 
Carbon tetrachloride, 607 
Carboniferous age, 744 
Carburettor, 271 
Carotene, 602 
Cartridge, 138 
Cast Iron, 75 
Castings, flaws io» 5 17 



Castings, making of, 74 
Catalyst, 569 
Cathie lays, 293-295 

Cell communities, 818 
Cell-division, 822 
Cell, Leclanch^, 296, 297 
Cell, living, 814-818 
Cell, nucleus of^ 818 
Cell, photoelectric, 484 
Cellulose, 77, 619 
Cellulose (mnt, 627 
Cement, 702-705 
Central heating, iii, 259 
Central nervous system, 900*9 xo 
Centrifugal force, 165 
Centrifugal dryer, 166 
Centrifuge, 166 
Cepheid variables, 796, 81 1 
Cerebellum, 905, 908 
Cerebrum, 908-910 
Chalk, 700 
Charcoal, 588-589 
Chemical combination, 533, 544 
Chlorine, 661-^67 
Chloroform, 606 
Chlorophyll, 613 
Chloroplast, 6x4 
Chotdates, 931 
Chorion, 925 
Chromatin, 82T 
Chromium, 683 

Chromosomes, 821-823, 912-918, 1004 
Chromosphere, 766 
Chronograph, 146, 885 
Cilia. 977 

Cinematograph, 481-485 
Circulation of blood, 844-847, 954 
Qrculation, regulation of, 85 1 
Clarionet, 407 

Classification of species, 928-931 
Clay, 701 
Clocks, 369-372 
Cocks, electric, 335 
Couds, height of, 723 
Coal, 2x8/ 

Coal, consumption of, 227 
Coal measures, 2x8, 744 
Coal measures, origin of, 214 
Coal, minm^ of, 219/ 

Coal, pulverised, 247 
Coal-cutting, 221 
Coal-gas, composition, 250 
Coal-gas, use tot heating, 258 
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G>al-gas, manuftetme of, 249-2)2 
Coal-gas, use for power, 272 
Coal-mine, explosions in, 223 
Coal-mine, ventilation of, 222 • 
Coal-mine, safety lamp, 224 
Coal-tar, 620-621 
Cochlea, 893 
Ccelcnterates, 973-973 
Coke, 249 
Colour, 468 

Colour, complementary, 470 
Colour vision, 898 
Colloidal solutions, 24, 36 
Combustion, 583-586 
Comets, 786-787 
Compass, magnetic, 3 1 2- 3 1 7 
Compass, gyroscopic, 172 
Compounds, chemical, 26, 352-553 
Compression waves, 373 
Concrete, 36 

Condenser, electrical, 282, 283 
Conduction of -heat, 65 
Conifers, 1002, 1008 
Continents, drifting of, 734, 758 
Convection currents, 108 
Copper, 54, 68% 

Copper, manumeture of, 692 
Corms, 991 
Cornea, 896 
Comet, 409 
Corona of Sun, 766 
Corpus Luteum, 922 
Corrosion, 673, 693 
Corti, organ of, 895 
Cosmic rays, 526 
Cotton, 619 
Crank, 189 

Craters in moon, 779 
Crayfish, 957 
Cream-separator, 168 
Crustacean, 937 
Cryptoi^ms, 982 
Crystallisation, 560-562 
Crystals, 39/ 

Crystals, structure of, 47, 5x8-522 
Cuttlefish, 966 
Cyclone, 722 
Cytoplasm, 815 

Dat, 370 
Decibel, 39X 

Decomposition by heat, 77 
Dendrites, 884 
Depressions, 722 
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Detonators, 636 
Devonian period, 744 
Diabetes, 873 
Diamond, 49 
Diamond drills, 52 
Diamond, structure of, 587 
Diaphone, 394 
Diaphragm, 854 
Diathermy, 329 
Dicotyledons, 983 
Diesel engine, 272-274 
Diet, 873 

Differential gear, 353 
Diffraction grating, 471 
Diffusion, 80 
Digestion 861-875 
Digestive system, 866 
Discharge tubes, 293, 445 ff 
Discord, 383 
Disinfectants, 1014 
Dispersal of seed, 1007 
Distillation, 556-560 
Divers, 857 

Dominant characters, 916 

Doppler effect, 385, 387 

Double stars, 8io 

Drift of Continents, 754-758 

Drops, 91 

Drops, falling, 92 

Drying, n6 

Ductless glands, 878-883 
Duodenum, 868 
Dust, «7 
Dwarf stars, 805 
Dyes, 638-640 
Dykes, 750 
Dynamos, 530-337 

Ear, 379-380, 891-893 

Earth, age of, 740, 745 

Earth, composition of crust, 751 

Earth, crust of, 737 ff 

Earth, density of, 71 1 

Earth, diameter 01, 710 

Earth, interior of, 727 

Earth, internal heat of, 736, 737 

Earth, magnetism of, 313-314 

Earth, mass of, 1 5 9, 71 x 

Earth, orbit of, 770, 772 

Earth, period of rotation, 711-71 2 

Earth, precession of, 71 3 

Earth, shape of, 707-709 

Earth, velocity of, 764 

Earthquakes, 748-750 


Earthworms, 968 
Eccentric, 188, 265 
Echincxlermata, 908-970 
Echo, 387 

Echo sounding, 388-389 
Eclipse, 766 

Eclipses, cause of, 45 1-453 

Electric batteries, 293-297 

Electric hells, 325 

Electric current, 304-309 

Electric cel, 284 

Electric lighting, 441-449 

Electric motors, 330-337 

Electric shock, 283 

Electric spark, 288 

Electrical discharge, 283-293 

Electrical discharge lamps, 433-436 

Electrical heating, 259 

Electricity, conduction of, 504-309 

Electricity, frictional, 279 

Electricity, generation of, 278, 293-298, 

^,3297337 ^ ^ 

Electricity, nature of, 276 
Electrification of railways, 330 
Electromagnet, 319 
Electromagnetic wave, 422-426 
Electromagnetic wave, scale of, 424-423 
Electromotive force, 306 
Electron, 276, 294 
Electron, microscope, 492 
Electron, position in atom of, 435, 436 
Electron, weight of, 295 
Electrophorus, 28 1 
Electroplating, 301 
Electroscope, 280 
Elements, chemical, 3 <2-540 
Elements, chemical, abundance of, 751 
Elements, chemical, symbols of, 563 
Ellipse, 773 

Embryo, human, development of, 923- 
926 

Emulsions, 207 ff 
Energy, 17 

Energy, chemical, 208 
Energy, conservation of, 209 
Energy, electrical, 208 
Energy, heat, 208 
Energy, kinetic, 208 
Energy of matter, 19, 209 
Energy, potential, 208 
Energy of.iadiation, 17, 208 
Energy, transformation of, logff 
Enzymes, 866 ff 
Equations, chemical, 569 



Efgostetol, 877 
Erosion, 738 
Essences, 026 
Essolube, 235 
Esters, 626 
Ethane, 397 
Evaporation, 113/ 

Evaporation, cooling by, n6 
Evolution, 1019-1036 
Evolution, cause of, 1026-1028 
Evolution of elephant, 1022-1023 
Evolution, evidence for, 1020-1026 
Evolution of mammals, 1029 
Evolution of man, 1053-1030 
Evolution, theories of, 1026 ff 
Expansion, 60 
Expansion joints, 61 
Expansion of gases, 139# 

Expansion of solids, 60 
Expansion, thermal, 60-65, 104-108, 
139-140 

Explosion, 139, 575 
Explosives, 633-637 
Eixtinguishcr, 393 
Eye, 483, 893-900 
Eye, blind spot of, 898 
Eye, lens of, 897 
Eye, rods and cones, 898 

Falling bodies, 

Fat, 627-63 1, 862 
Fat, digestion of, 863 
Faults, 748 
Felspar, 658 
Fermentation, 611 
Ferns, 997, 1001, 1003 
Fertilisation, 913 

Fertilisation of plants by insects, 1005, 
1006 

Fibres, 30 
Fife, 407 

Filament lamp, 44 i “445 

Films, sound, 4S4 

Fireworks, 670 

Fish, 95^-957 

Fish, circulation in, 934 

Flame, 437 " 4^9 

Flash lamp, 384 

Flash powders, 682 

Flatwortns, 971-973 

Flaws in castings, X-ray detection, 517 

Flint, 656 

Hint of petrol lighter, 537 
Floating bodies, 75 3 


Floating continents, 734-75 ^ 

Flowers, colour of, 1003 

Flowers, pollination, 1004, ioo6 

Flowers, structure of, 1006 

Fluorescence, 313 

Flute, 407 

Flying Lizard, 942 

Flyprcss, 186 

Flywheel, 163 

Flywheel, fluid, 206 

Foams, 23 

Feetus, development of, 923-926 

Fog, 23, 37, 38 

Fog-horn, 394 

Foot, structure of, 828 

Force, balancing, 162 

Force, centrifugal, 165 

Forces, 152, 162 

Forces, lines of, 1 5 2, 3 1 8 

Forgeries, detection by U.V, light, 513 

Formalin, 623 

Formula, chemical, 364, 566-567 

Fossils, 742-744, 1020 

Fractional crystallisation, 362 

Freezing and melting points, 69-78 

Frequency of wave, 565 

Fructose, 616 

Fruits, 1007 

Fruit salts, 83 

Fuel oil, 255, 237 

Fundamental, j85 

Fungi, 995, 996, 999 

Fuses, electric, 308 

Fusion, 69 

Galaxy, 790, 798-800, 808 
Gamma-rays, 424, 324 
Gas, coal, see Coal-gas 
Gas-cylinder, 123 
Gases, 24. 53/, 122/ 

Gases, density of, 34, 128 
Gases, expansion of, 159# 

Gases, glowing of, 433 - 436 , 443 ’445 

Gas discharge lamps, 443 

Gas, eddies in, 131, 132 

Gas engine, 272 

Gas, handling of, 123 

Gas, liquefaction of, 135 

Gas mantle, 440 

Gas, natural, 228 

Gas, pressure of, 129, 153 

Gas, producer, 253 

Gas, water, 255 

Gas, weight of, 127 
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Gas-ioasks, 664 
Gas-oil, 235 
Gases, stozage, 123-125 
Gasholder, waterless, 124 
Gastric juices, 870 
Gasworks, 251 
Gears, 190 

Gears, variable, 193 274 

Genera, 930 
Genes, 822, 913 
Geological periods, 743 
Giant molecules, 49 
Giant stars, 804 
Glands, 868, 878-883 
Glands, ductless, 878-883 
Glands, sweat, 861 
Glass, 65 9, 660 
Glucose, 77, 615 
Glycerine, 6 1 3-614 
Glycogen, 836, 873 
Governor, 267, 416 
Gramophone, 414-419 
Granite, 658 
Graphite, 50 

Graphite, structure of, 587 
Gratings, 471 
Gravitation, 158 
Gravitation, measurement of force of, 
l6o 

Gun, long distance, 158 
Gymnosperms, 983 
Gyro* compass, 172 
Gyroscope, 168 
Gyroscope, precession of, 170 
Gyroscopic clock, 169 
Gyroscopic ships stabiliser, 171 

HiCMOPHiLiA, 840 
Haemophilia, heredity of, 91 7 
Hair, 934 

Hardness, 49, 51/, 58, 59 
Harmonic, 384, 385, 399 
Harmony, 383 
Head lights, 457 
Heart, 849 

Heart, control of, 851 
Heat and work, 260 
Heat, 30 

Heat, of compression, 158 
Heat, conduction of, 65 
Heat, expansion caukd by, 60, 104 
fleat^expansion, 60* 

Heating, central, 1 1 1, 259 
Heating, cost of, 259, 308 
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Heating, *59. J07. Jo8 

Hcaviside-Kennelly layer, 726 
Heredity, 910-918 
Hertxian waves, 424 
Hook-worm, 607, 973 
Hormones, 888, 919-922, 993 
Horse-power, 210 
Horse-power, measurement of, 212 
Hot-water system, 1 10 
Hydra, 074 
Hydraulic press, 204 
Hydrocarbons, 597-693 
Hydrochloric acid, 666 
Hydrogen, t68 

Hydrogen, burning of, 372-373 
Hydrogen chloride, 666 
Hydrogen, heavy, 368 
Hydrogen, manufacture of, 369 
Hydrogen sulphide, 671 
Hydrogenation of oil, 233 
Jlydtoxonium ion, 578 

Immunity, 1014 
Incubator, 64 
Indigo, 594-596 
Induction, 32^ 

Induction coil, 327 
Induction motor, 336 
Induct ion furnace, 337 
Inertia, 16 

Infra-red rays, 424, 498 
Inker, Kelvin, 324 
Insects, 960 

Insects, social, 962-964 
Insulin, 873 

Interference of light, 427-430 
Interference of colours, 470-473 
Internal combustion engines, 269 
Intestine, large, 872 
Intestine, small, 871 
Inverse-square law, 139, 379 
Ion, 277 
Iron, 086 ff 

Iron, rusting of, 693-697 
Isomerides, 399 
Isotopes, 342 

ACK, lever, 179 
ack, screw, 183 
Jellyfish, 973 
Jewels in watches, 32 
Joints, 829-831 
Jumping shrew, 1036 
Jupiter, 783 
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Jurassic petiod, 744 

Kaleidoscopb, 453 
Kelvin inker» 324 
Knots, measure of speed, 150 
Kidneys, 859 
Kilauea, 733 
Kingdoms, 931 
Koumiss, 610 

Labyrinth of ear, 893 
Lactose, 616, 926 
Lagging, 68 

Lamps, efficiency of, 446 
Lamps, gas discharge, 445 
Lamps, mercury vapour, 448 
Larvae, 950, 951, 960-961 
Lattices, 45 
Lava, 731,761 
Layer molecules, 50 
Lead, 683 

Lead, isotopes of, 542 

Leaves, structure of, 986-989 

Lenses, 473-476 

Lens, magnification by, 486 

levers, 177 

Leyden Jar, 282 

Life, 813 

Life, possible origin of, 1029 
Light, 422/ 

Light from candle, 43 8 
Light, interference of, 427-430 
Light, ultra-violet, 512-515 
Light, velocity of, 430-432 
Light-waves, 422 
Light-year, 795 
Lighthouses, 394, 476 
Lightning, 290 
Limbs of vertebrates, 937 
Lime, 699 
Limestone, 700 
Liner, engine of, 343 
Lines of force, gravitational, 152 
Lines of force, magnetic, 518 
Liquid air, 136, 137 
Liquids, 24, 33 #.79 
Liquids, eddies in, 100 
Liquids, expansion of, 104 
Liquids, flow of, 99 
Liquids, level surface of, 87 
Liquids, mixing of, 81 
Liquids, structure of, 3 3 , 90 
Liquids, surfiace of, 87 
Liver, 872 


Liver-fluke, 972-973 
Ixicomoti ves,^45-3 5 ^ 
Locomotive, Diesel-electric, 351 
Locomotive, electric, 350 
Locomotive, steam, 345 
Locomotive, turbine, 347 
Log, Forbes*, X50 
Log-ship, 150 
London clay, 727-729 
Loud speaker, 418 
Lubrication, 90 
Lubricating oil, 90, 236 
Luminescence, 525 
Luminous paint, 525 
Lungs, 851-855 
Lungs, structure of, 852 
Lycopene, 604 
Lymph, 848 

Machines, 175# 

Machines, hydraulic, 197 
Magma, 734 • 

Magnet, 510 
Magnetic alloys, 310 
Magnetic compass, 312-317 
Mai^xtic pole, 311 
Magnetic variation, 313 
Magnetism, 309 
Magnetism of Earth 313,5/4 
Magnetism of Sun, 314 315 
Malaria parasite, 979 
Maltose, 861, 862 
Mammals, 032-939 
Mammals, brains of, 937 
Marble, 700 
Margarine, 630 

Marine engines, steam, 341-343 
Mars, 781 

Mars, canals on, 782 
Martinique, eruption at, 732 
Matter, 15 
Medulla, 907 
Melting, 69 
Melting-points, 48, 69 
Mercury, planet, 775 
Mercury vapour lamps, 448 
Metals, 680-692 
Metals, structure of, 33 
Metals, totiglincss, 54 » 59 
Meteors, 788 
Methane, 223, 599 
Methylated spirit, 61 2 
Mica, 658 

Microscope, compound, 488-491 
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Microscope, electron, 492 
Microscope, simple, 486 
Milk, 629 

Milk, composition of, 926-927 
Milky Way, 797-798 
Minerals, 750-75 j 
Mines, accidents in, 225 
Mirag^, 461 
Mirrors, 453 
Mist, 25 
Mitosis, 820 
Molecule, 25, 532 
Molecules, giant, 49-50 
Molluscs, 965 
Monocotyledons, 983 
Monsoons, 720 
Moon, 777-781 
Moon and tides, 780 
Moon, distance of, 778 
Moon, path of, 777 
Moon, phases of, 778 
Moon, weight of, 778 
Mordants, 039 
Morse-inker, 321 
Mortar, 701 
Mosquito, 979-980 
Mosses, 995, 1000, 1003 
Motor car, 352jf 
Motor, induction, 336 
Motors, synchronous, 333 
Moulds for casting, 74 
Mountains, formation of, 63, 746, 747, 

756. 757 

Mt. Pelie, 732 

Muds, 25 

Muscles, 832-839 

Muscles, efficiency of, 838 

Muscles, source of power of, 836 

Mushroom, 999 

Musical Instruments, 393-409 

Musical Instruments, string, 398 

Musical Instrumeuts, wind, 403-409 

Musical notes, 379 # 

Musical scale, 382 
Musk, 603 
Must^-gas, 607 

Naphthalene, 603 
Natural gas, 228 
Neanderthal man, 1039 
Nebulae, 798, 807 
Nebulae, dark, 8<^ 

Nebulae, planetary, 807 
Neon tubes, 434, 443, 445-447 


Neptune, 785 

Nerves, 883-888 

Nerve cell, 884 

Nerve fibre, 884 

Nerve impulse, 885-888 

Neurone, 884 

Neutron, 528 

Newton’s rings, 429, 474 

Nickel, 683 

Nitrates, 644-643 

Nitric acid, 650 

NitfobenJsene, 651 

Nitro-compounds, 635-637 

Nitrogen, 642-632 

Nitrogen, atmospheric, 642 

Nitrogen, cycle, 643-648 

Nitrogen, fixation, 647-648 

Nitrogen, utilisation by crops, 643-648 

Nitroglycerine, 637 

Noise, 391, 392 

Nose, 891 

Nova:, 806 

Nucleus of atom, 529-530 
Nucleus of cell, 818, 822 jf 

Odob, 407 

Obsidian, 639, 732 

Octave, 381 

Octopus, 966 

(Esophagus, 866 

(Estrone, 922 

(Estrous cycle, 921 

Oil, boring for, 229 ff 

Oil, crude, 232 

Oil, fuel, 233 

Oil-press, 206 

Oil, refining of, 234 

Oil, rotary drilling plant, 230 

Oils, animal and vegetable, 627-63 1 

Olfactory lobe, 1036 

Olfactory nerve, 890 

Optic nerve, 897 

Organ, 406 

Organic chemistry, 393-642 
Otolith, 894 
Ovarian tubes, 920 
Ovary, 920, 1004 
Overtone, 383, 399 
Ovum, 913, 921 
Oxides, 697 

Oxyacetylene blowpipe, 601 
Oxygen, 581-586 
Oxyi^n in atmosphere, 382 
Oxygen and respiration, 831-838 
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Ozone in upper ait> 724 

Pacinian corpuscle, 889 
Pancreas, 873 
Paraffin oil, 

Paraffin wax, 237 
Parallax, 794 
Paramecium, 976-978 
Parasites, 971-973 
Parasitic males, 956 
Parathyroids, 880 
Parsec, 793 
Pelton wheel, 239 
Pendulum, 366, 370 
Penumbra, 431 
Pepsin, 870 

Perfumes, 603, 604, 627 

Periodic table of elements, 541 

Peristaltic motion, 869, 871 

Permian period, 743 

Perpetual motion, 99 

Petrol, 237 

Petrol from coal, 253 

Petrol engine, 269 

Phanerogams, 982 

Phenol, 619, 623 

Phon, 391 

Phlfcm, 989 

Phosgene, 391 

Phosphates, 634 

Phosphorus, 633-635 

Phosphorus, glow of, 653 

Phosphorescence, 325 

Photoelectric cell, 484 

Photography, 479-481, 619 

Photosynthesis, 614-615, 986-989 

Phyla, 931 

Piccolo, 407 

Pick-up, 419 

Pineal gland, 879 

Pipes, bursting of, n 2 

Piston valve, 264 

Pitch, 24 

Pitch (of note), 381 
Pithecanthropus, 1038 
Pituitary gland, 882 
Placenta, 926 

Planers, atmosphere of, 774 # 

Planets, life on, 774 
Planets, orbits of, 772 
Plants, 981-1009 

Plants, adaptation to drought and cold, 
1008-1009 

Plants, classification, 982 ff 


Plants, organs of, 984 ff 

Plants, propagation of, 994-1004 

Plants, senses of, 992 

Plasma, 840 

Plaster, 702 

Plastics, 623 

Platinum, 684 

Pluto, 786 

Poison-gas, 591, 607, 664 

Poison-gas, protection from, 664 

Pole of magnet, 311 

Pollen, 1003 

Position, sense of, 890 

Positron, 328, 551 

Posture, human, 827-828, 832-834 

Potassium, 681 

Power, from coal, at 8# 

Power, from oil, 228 ff 
Power, from tides, 245 
Power, from water, 237 ff 
Power, from wind, 244 
Power, measurement of, 212 
Power, sources of, 213-247 
Power, utilisation, z^iff 
Power, water, 237 ff^ 339 
Precession of Earth, 713 
Precipitin reaction, 1023 
Pregnancy, test for, 883, 924-926 
Press, hydraulic, 204 
Pressure, critical, 121 
Pressure exerted by boiling liquid, 120 
Primates, 1053 
Primates, brains of, 1036 
Prisms, 462 

Prismatic binoculars, 496 
Producer-gas, 253 
Projection lantern, 482 
Prominences of Sun, 766 
Propeller, aeroplane, 360 
Proteins, 632-635, 862, 873 
Proton, 277, 328 
Proterozoic period, 744 
Protozoa, 976-980 
Prussic acid, 63 2 
Pterodactyls, 949 
Puberty, 919 
Pulleys, compound, 184 
Pulleys, ditferential, 184 
Pumps, 198/ 

Pumps, axial flow, 201 
Pumps, bicycle, 202 
Pumps, centrifugal, 201 
Pumps, diaphragm, 200 
Pumps, diffusion air, 203 
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Pumps, feme. 198 
Pumps, lift, 199 
Pumps, lotaiy air, 202 
Pure substances, 564 
Purification of substances, 5 5 5-564 

Quanta, 433 
Quartz, 658 

Radiation, scale of, 424 

Radio, 499-512 

Radioactivity, 522, 545 741 

Radioactive series, 548 

Radium, 522-525, 562 

Rail transport, 344 

Rails, expansion of, 61 

Railway tyres, fixing of, 62 

Railways, electrification of, 350 

Rain, 721 

Rainbow, 466 

Rainfall, 720-723 

Rays, a, 324 

Rays, /3, 524 

Rays, 7, 424, 524 

Rays, cathode, 293-295 

Rays, cosmic, 526 

Rays, infra«rcd, 424, 498 

Rays, X, 424, 516 

Reaction turbine, 239 

Receivers, radio, 507 

Recessive, character, 916 

Rectum, 866 

Red corpuscles of blood, 841 
Reed (musical), 407 
Reflection of light, 45 3-45 8 
Reflection of sound, 387 
Reflection, total, 460 
Reflex, nervous, 905-903 
Refraction, 458 
Refractive index, 459 
Refrigerator, 118 
Relative velocity,^ 142-144 
Reptiles, 944-949 
Reptiles, dreuktion in, 945, 954 
Reptiles, extinct, 947-948 
Reproduction, human, 911,918^^ 
Reproduction, organs of, 918-921 
Reproduction in plants, 994-1004 
Reproduction of sound, 409 
Residual rays, 499 
Resonance, 397 
Respiration, 851-858 
Respiration at high dtitudes, 856 
Respiration, control of, 85 5 


Retina, 896-897 
Rhizomes, 991 
Rhodesian man, 1039 
Rickets, 876 
Rocks, age of, 740/ 

Rocks, crumpling of, 745 

Rocks, igneous, 729 

Rocks, sedimentary, 729, 758-9 

Rockets. 670 

Roots, 990 

Rope-drive, 193 

Ruober, 56, 604 

Rubies, artificial, 698 

Rudimentary organs, 1024 

Rust, 693-697 

Saccule, 893 
Safety-lamp, 224 
Safety-valve, iii 
Sak6, 61 1 
Sal-ammoniac, 76 
Saliva, 867 
Salivary glands, 867 
Salt, 661 
Salts, 580 
Saros, 7 
Saturn, 784 
Scale, musical, 382 
Science, i 

Sdence, divisions of, 12, 15 

Science, history of, 6 

Science, methtids of, 2 

Sdence, possible progress, 1043-1045 

Science, pure and applied, 14 

Sclerotic, 895 

Screws, 185 

Seasons, cause of, 71 3 

Seaweed, 995 

Second, 370 

Sedimentary rocks, 729, 738-739 
Seed, dispersal of, 1007 
Semicircular canals of ear, 893 
Senses, 887 ff 

Series and parallel connections, 306 

Sex hormones, 919, 922 

Shadows, 450 

Shafts, inking of, 219 

Ships, form of, 101 

Ships, resistance of water to, 100 

Ships, speed of, 149-1 51 

Ship-stabiliser, 171 

Shop-window, non-reflecting, 437 

Sieve-tubes, 989 

Sight, sense of, 894-899 
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Silica, 6J5-656 
Silicates, 657-660 
Silicon, 655 
Silk,6t9 

Silk, artificial, 61 9 
Sills, 750 

Silurian period, 743 
Sinanthropus, 1038 
Siren, 594 

Skeleton, human, B27 
Skeletons of vertebrates, 935-945 
Skid, 164 
Skin, 934 

Skj^ colour of, 472, 724 
Slate, 745 
Slime, 25 

Smell, sense of, 891 
Smoke, 25, 37, 38 
Smoke-rings, 32 
Snails, 965 

Snakes, jaw and fang, 946 
Snow-blindness, 514 
Snow-crystals, 42 
Soap, 631 
Soap bubbles, 93 
Soap-Hlms, 93 
Soap-films, colours of, 470 
Social insects, 962-964 
Soda-water, 591 
Sodium, 681 
Sodium chloride, 661 


Sodium nitrate, 645 • 

Soil, bacteria in, 642, loii 
Soil, fertility of, 642 
Soil, protozoa in, 978, ton 
Solar system, 760, 770-792 
Solar system, origin of, 788-791 
Solder, 70 
Solids, 24, 33# 

Solids, structure of, 3 9^7 
Solutions, 82 ff 
Solutions, saturated, 85 
Solutions, super-saturated, 86 
Sound, 373 j 7 
Sound-box, 417 
Sound films, 484 
Sound, measurement of. 590 
Sound tanging, 375-377 
Sound recording, 41 5 
Sound reproduction, 409 ff 
Sound velocity, 574 
Sound waves, 373 
Spark, electric, 288 
Species, 928 


Spectra, 462 
Spectrograph, 463, 464 
Spectroscope, 463 
Speed, 141 

Speed, measurement of, 145 
Speed, relative, 143 
Speedometer, 147 
Spermatozoa, 920 
Spinal cord, 902, 903 
Spleen, 842 
Sponges, 9^3-976 
Stalactites, 700 
Starch, 617-^18, 992 
Starch, digestion of, 862 
Stars, 793-812 
Stars, age of, 811-812 
Stars, classes of, 801 
Stars, distance of, 793 
Stars, double, 810 
Stars, dwarf, 805 

Stars, evolution of, 803, 807-809 

Stars, giant, 804 

Stars, magnitude, 795-796 

Stars, spectra of, 800-801 

Stars, temperature of, 802 

Stars, variable, 796, 8 10-811 

Stars, velocities of, 797 

Starfish, 968-970 

Stcam-accumulator, 226 

Steam engine, 260 ff 

Steam engine, reciprocating, 264 

Steam turbine, 267 

Steel, manufacture of, 689, 690 

Steel, stainless, 684, 697 

Steelyard, 170 

St. Elmo's fire, 288 

Stem of plant, 989-990 

Stomach, human, 870 

Stomach of ruminant, 938 

Stomata of leaf, 988 

Storage cell, 298 

Strata, succession of, 743-744 

Strata, folding of, 745 ff 

Stratosphere, 723 

Stratosphere balloon, 723 

Streamlining, 101 

Strings, vibration of, 398, 402 

Stwboscope, 402 

Sublimation, 76 

Submarine cable, 323 

Sugars, 616-617 

Sulphur, 668-671 

Sulphur dioxide, 673 

Sulphuric acid, 675-670 
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Sun» 761-769 

Sun as soutce of power, 2i4j^ 

Sun-bum, 5x4 
Sun, distance of, 762-763 
Sun, beat from, 767 
Sun, horse-power of, 767 
Sun, magnetism of, 315 
Sun, mass of, 764 
Sun, rotation of, 764 
Sun, source of heat from, 768-769 
Sun, temperature of, 767 
Sun-spots, 765 
Suprarenal, sa Adrenal 
Sulphur, 668 
Sulphur dioxide, 672 
Sumce tension, 90 
Swallowing, 868 
Sweat glands, 861 
Symbol of elements, 565 
Synapse, 900 
Syphon, gas storage, 125 

Talc, 658 
Tapeworm, 972 
Tar, 620 
Tarsier, 1036 
Taste, sense of, 890 
Telegraph, 321 
Telephone, 410-414 
Teleprinter, 323 
Telescope, 494 
Telescope, reflecting, 497 
Telescope, refracting, 494, 495 
Television, 5 10-5 12 
Temperature, 71, 104 
Temperature, regulation of body, 906- 

Tencions, 831 

Tensile strength, 58 

Tertiary period, 744 

Tesla coil, 328 

Testis, 720 

Termites, 964 

Thermionic valves, 302 

Thermo-couple, 499 

Thermometer, 103 ff 

Thermometer, bimetallic, 63 

Thermometer, chemical, 106 

Thermometer, clinical, 106 

Thermometer, maximum and minimum. 

Thermos flaslu, 68 
Thought, Science and, 20 


Thyroid gland, 879 

Thyroxine, 880 

Tines, 216 

Tin, 685 

T.N.T.. 633 

Tomato, 004 

Total r^ection, 460 

Touch, sense of, 887 

Toughness, 33 

Trade winds, 717 

Trams, 334 

Transformer, 328 

Transmitters, radio, 300 

Transmutation of elements, 344, 3 3 1 

Tree shrew, 1036 

Trinitrotoluene, 633 

Trolley-buses, 333 

Troposphere, 723 

Trombone, 408 

Trumpet, 408 

Tubers, 991 

Tuning-fork, 393 

Turbine, locomotive, 347 

Turbine, reaction, 238 

Turbine, steam, 267 ff 

Turbine, water, 238 

Tungsten filaments, 72, 73, 441 

Type metal, 73 

Ultramarine, 638 
Ultramicroscope, 493 
Ultrasonic waves, 420 
Ultraviolet light, 424, 313 
Umbra, 43 1 
Universe, age of, 799 
Universe, expanding of, 799-780 
Universe, extcnc of, 799 
Universe, island, 798 
Uranium as means of dating strata, 741, 
74i 

Uranus, 783 
Urea, 861, 943 
Urine, 839 
Uterus, 922-926 

Vaccine, 1013 
Vaccination, X013 
Vacuole, 816 
Vacuum tubes, 292-293 
Vacuum flask, 68 
Valves, thermionic, 302 
Valves of heart, 849 
Veins, human, 843-847 
Veins, of ore, 732 



Velocity, 142 ff (see also Speed) 

Velocity of light, 151, 430 
Velocity of sound, 374 
Velocity, teiminal, 1 54 
Venom of snakes, 947 
Ventilation of mines, 222 
Venus, 776 

Vertebrates, adaptations of, 957 
Vibration, 366 
Vice, 176 

Villi ot intestine, 871 
Vinegar. 623 
Virus, 1 016 
Viscosity, 89 
Vitamins, 873-877 
Vitamin A, 876 
Vitamin B, 877 
Vitamin C, 873 
Vitamin D, 876 
Vitamin E, 878 
Volcanoes, 730-734 
Vortex, 103 

Wasps, 962 

Water, abnormal expansi(^n of, 1 1 2, 1 1 3 

Water, excretion of,. 86 1 

Water-gas, 233 

Water-level, 87 

Water, power from, 237 

Wavelength, 364 

Waves, 362 

Waves, electromagnetic, 422 
Waves, Hertzian, 424 
Waves, light, 422 
Waves, sound, 373 
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Waves of water, 362, 363 
Wax, 631 

Wax, paraffin, 237 
Weigh-bridge, 17 1 
Wcgener *8 theory, 734# 

Welding, acetylene, 601 
Welding, arc, 291 
Whirlpool, 102 
White cells of blood, 843 
Wielicza, 662 
Winding engine, 223 
Winds, 11^ ff 
Wine, 610 
Wire-cutters,. 1 78 
Wire-drawing, 32 
Wireless telegraphy, 499 
Wireless waves, 499 ff 
Woodworms, 607 
Work, 175, 260 
Worm-gear, 186 
Wrought Iron, 34 

X-RAYS, 424* 5' 5 
X-ray, photography, 317 
X-ray, spectra, 5 20 
X-ray, tubes, 313 
Xylem, 989 
Xylophone, 396 

Year, 370 
Yeast, on 

Zero, absolute, 72 
Zinc, 683 
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